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ABSTRACT 
The aim of this thesis was to explore the usefulness of free radical cyclization in the 
formation of small heterocycles by intramolecular homolytic substitution reactions, and 
the formation of heteroatom-containing macrocycles by radical cyclization. 
Chapter 1 provides an overview of the history of solution radical chemistry and a 
summary of the different types of reactions radicals are known to undergo. The 
application of these reactions to the synthesis of cyclic systems is discussed and 
illustrated with examples from the literature. 
Chapter 2 deals with an investigation of homolytic substitution at sulfur, in the formation 
of five-membered rings. This radical cyclization mechanism has been postulated to 
operate in the biosynthesis of penicillin. Thus the syntheses of three isomeric penam ring 
systems were investigated, with the pivotal step of the synthetic sequence involving the 
attack of a carbon-centred radical at sulfur. This can be considered a biomimetic 
synthesis of the penam series. One of the three isomers proved remarkably difficult to 
prepare, and several different approaches to the required radical precursor were explored 
before the synthesis was successfully completed. The three isomeric penams were 
submitted for biological testing and were shown to have slight activity against Gram-
positive bacteria, as expected for penicillin analogues. The successful completion of 
these syntheses showed that intramolecular homolytic substitution reactions can be useful 
in the formation of small heteroatom-containing rings , and demonstrated that the 
proposed radical ring closure in the biosynthe is of penicillin is chemically feasible. 
Chapters 3 and 4 deal with the synthesis of macrocycles capable of metal binding, using 
radical cyclization methodology. The syn the is of a variety of functionalised 
polyoxygenated macrocycles via a radical macrocyclization route was completed. In 
addition, computer modelling studies and kinetic studie of one of the macrocycle 
LV 
precursors imply that cyclization of a polyethylene glycol-like radical is substantially 
faster than cyclization of the corresponding hydrocarbon analogue. 
An investigation of the template effect in a radical macrocyclization system was 
undertaken, and although macrocycle yield increases were observed in some cases, no 
obvious trend with ion radius or macrocycle size could be inferred. The metal binding 
abilities of several macrocycles were compared to those of 15-crown-5 and 18-crown-6 
and shown to be unifonnly inferior to the parent crown ethers. The syntheses of several 
other macrocycles were also investigated with the aim of improving the metal binding 
characteristics of these systems, but these studies have met with limited success to date. 
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CHAPTER 1 : INTRODUCTION 
1.1 BASIC PRINCIPLES OF FREE RADICAL CHEMISTRY 
. 
Although many attempts to prepare organic free radicals had previously been made, it 
was not until 1900 that Gomberg 1•2 successfully generated the stable triphenylmethyl 
radical and investigated its chemistry, thus marking the true beginning of research into 
radical chemistry. The next major event in the history of radical chemistry in solution 
occurred in 1937 when Hey and Waters3 proposed that free radicals are intermediates in 
some synthetically important solution processes, such as the reactions of diazonium salts. 
The study of free radicals in solution then began in earnest, notably with contributions by 
Flory4 to the development of vinyl polymerisation and Kharasch et al. , 5·9 in the series of 
papers "Reactions of Atoms and Free Radicals in Solution". In the last two decades the 
field of free radical chemistry has undergone enormous change, and today radical 
chemistry is commonplace in laboratories around the world. Historical perspectives have 
been published by Walling 10•11 and Hart. 12 
Initially, a major obstacle to the acceptance of free radical chemistry by organic chemists 
was the popular misconception that radical reactions invariably displayed low regio- and 
stereoselectivity, and thus were of no synthetic use. However research starting in the 
1960's and continuing into the 1980's by Barton et al., 13· 17 Walling et al., 18·24 Julia et 
al., 25· 28 Beckwith et al., 29•30 Ingold et al., 29•31 · 34 Wilt, 35 and Surzur36 among others, 
gradually replaced this view with the realisation that radical reactions could be highly 
regio- and stereoselective. Their efforts established mechanisms for radical reactions, 
based in many cases on kinetic studies of the individual mechanistic steps. As a result of 
this work radical reaction are now routinely u ed in the synthesis of complex molecules, 
often with highly predictable results. 37 Several excellent reviews dealing with radical 
reactivity, selectivity and synthetic methods29•3846 are available. 
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Most free radical reactions of use in organic chemistry can be described as one of the 
following six elementary reaction types (A, Band D represent atoms or groups): 
1) Homolysis 
2) Radical coupling 
3) Addition 
4) ~-fission 
a-fission 
5) Electron transfer 
6) Group transfer 
1) HOMOLYSIS 
A-B ~ A•+ B• 
A•+B• ~ A-B 
A•+ B=D ~ A-B-D• 
A•+ B-D ~ A-B"-D 
A-B-D• ~A•+ B=D 
A-B"-D ~A•+ B-D 
A•+e- ~A 
A• - e- ~ A+ 
A-e- ~A· 
A++e- ~A· 
A•+ B-D ~ A-B + D• 
Bond homolysis is an endothermic process, the endothermicity of which is equal to the 
dissociation energy of the bond undergoing fission. The energy required for homolysis 
can vary from as low as 30 to over 100 kcal mor 1• Homolytic bond cleavage is 
commonly of use in synthesis when the substrate possesses a weak bond, such as in a 
peroxide or azo compound. Homolysis is then usually thermochemically or 
photochemically induced. This is an extremely important reaction, as it generates two 
radicals from a non-radical substrate and is thus an initiation process. Radical initiators 
such as a,a'-azobis(isobutyronitrile) (AIBN) and benzoyl peroxide undergo homolysis 
easily and are commonly used to generate radicals which then initiate radical chain 
processes. Most synthetically useful radical reactions are radical chain processes, and 
these will be described in more detail in Section 1.3. 
2) RADICAL COUPLING 
This is the reverse of homolysis and is exothermic. Again, the exothermicity of the 
reaction is equal to the energy of the bond formed . Radical coupling is normally 
extremely fast, with kinetics that are essentially diffusion controlled. However, there are 
several exceptions to this general rule. The best known examples of radicals which do 
not couple rapidly are stable radicals such as 1,1,3,3,-tetramethylisoindolin-N-oxyl 1 and 
diphenylpicryl hydrazyl 2, which can be kept as solids for years. 1,1,3,3-
Tetramethylisoindolin-N-oxyl 1 will not couple with it elf or react with oxygen, hence its 
stability in a pure state, but it will couple with carbon-centred radicals extremely rapidly, 
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leading to its common use as a "radical trap". These radicals are stabilised by interaction 
between the semi occupied molecular orbital (SOMO) of the radical and the lone pair on 
the adjacent nitrogen. Persistent radicals such as triphenylmethyl radical are also known. 
Although these types of radicals are stabilised by resonance, steric hinderance to 
dimerization is the major cause of their stability.47 
Ph *N02 
'N-N 1/ ~ NO 
I • 2 
Ph -
NO2 
1 2 
There are several practical problems that limit the synthetic utility of radical coupling 
reactions. The simultaneous generation of two radical centres can be difficult, and 
prevention of reaction between the radical and non-radical species present (such as 
solvent molecules) is also difficult. However, there_ are a few synthetic applications of 
this reaction , such as the Kolbe electrolysis of carboxylates,48 radical 
dehydrodimerization49 (also known as "oxidative dimerization" or "oxidative coupling"), 
and the synthesis of highly strained ring systems.50-53 These reactions are not radical 
chain processes, they are termination reactions as they result in the destruction of two 
radicals. 
3) ADDITION AND 4) ~-FISSION AND a-FISSION 
Addition and fission are essentially the reverse of each other and are very commonly 
observed radical processes. They are both propagation reactions, as no net loss of 
radicals occurs. 
Cyclopropylmethyl 3 and cyclobutylmethyl 4 ring opening are examples of ~-fission, as 
shown in Scheme 1. These are both exothermic reactions, due to the relief of ring 
strain. 
. [>-· ~ 
3 
<>-· 
4 
Scheme 1 
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The direction of ring opening is sensitive to stereoelectronic effects. For example, it has 
been shown54 that the steroidal radicals 5 and 7 undergo ~-fission in a stereoselective 
manner to give the radicals 6 and 8 respectively (Scheme 2). In each of these examples 
the bond undergoing ~-fission is in a plane lying closest to that of the semi-occupied 
molecular orbital (SOMO), implying that overlap between the SOMO and the cr* orbital 
of the bond undergoing fission is necessary in the transition state for this process. 
5 6 
7 8 
Scheme 2 
A further example of ~-fission is given by the ring expansion method of Dowd and 
Choi,55 and Beckwith et al., 56•57 and is shown in Scheme 3. This involves acyl group 
migration by consecutive hemolytic addition and ~-fission. 
9 
11 
Scheme 3 
. 
(_O (!}co,Me 
10 
0 ! 0co2Me 
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The initially formed radical 9 adds to the carbonyl double bond to generate the unstable 
oxygen-centred radical 10. This then undergoes P-fission to cleave the strained 
cyclopropyl ring, ultimately leading to the formation of the rearranged product, the 
cyclohexanone 11. 
Radical addition is of synthetic importance as it can be a carbon-carbon bond forming 
reaction. Many different types of radicals will add to unsaturated bonds, and the type of 
unsaturation can vary widely, consequently radical addition has enormous synthetic 
potential. Intermolecular radical additions mediated by tributyltin hydride (Giese 
reactions) are a well known and synthetically useful class of addition reaction. An 
example of this type of reaction can be found in Giese's synthesis of (-)-exo-brevicomin 
15 ,58 ·59 shown in Scheme 4. It involves as a key step the addition of the radical 13 
(derived from the iodide 12) to methyl vinyl ketone to give the radical 14. 
)Za 0 oxo ~ 
(~ 
I 
Bu3SnH 
I 
BnO I BnO 
BnO-,, 
HO+ ,, 
3 };;)--
12 53% j B"3S0 • I Bu3SnH 
oxo X 0 0 
! several steps 
,, 
tJ--(J---\, I 
BnO u BnO 
. 
13 G 14 
15 
Scheme 4 
Intermolecular radical addition reactions are also the chief mechanism for vinyl 
polymerisation, and as such are of enormous commercial importance to the polymer 
industry . 
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5) ELECTRON TRANSFER 
Single electron transfer processes are commonly used in synthesis. For example, 
radicals can be generated by single electron transfer from copper(!) to peroxides, as 
shown by the reaction of copper(!) with t-butyl peroxybenzoate. 
1BuO2COPh + Cu
1 ~ 1BuO• + Cu11OCOPh 
In some cases fast single electron transfer occurs between radical anions and neutral 
molecules, with the latter acting as electron acceptors. This is the case in the SRN 1 
reactions developed by Kornblum, Russell and Bunnett,60-64 where an aryl iodide acts as 
an electron acceptor. The overall reaction in this case is nucleophilic aromatic 
substitution, but it involves radicals and radical anions as intermediates. 
Arl + e- ~ ArI·-
ArI·- ~Ar•+ r 
Ar•+ NH2-~ ArNH2.-
ArNH2.- + Arl ~ ArNH2 + Arl•-
6) GROUP TRANSFER 
Group transfer reactions (atom transfer reactions), or free radical substitution reactions, 
are as important as radical addition reactions in that they are also propagation reactions, 
and hence essential to radical chain processes . They can take place by a number of 
distinct mechanisms, the most common being a bimolecular process involving attack of a 
radical on another molecule. This mechanism is designated SH2. 65-68 Most SH2 
reactions involve the attack of a radical on a univalent atom such as hydrogen or halogen, 
and are more usually referred to as atom abstraction reactions. Attack on multivalent 
atoms is less common, although it occurs more readily when radical attack is on a 
coordinatively unsaturated atom.67 
Bimolecular homolytic substitutions may be divided into two types according to whether 
the radical adduct represents a transition state (SH2, synchronous), 
R• +AB~ [RAB] t• ~RA+ B• 
or a discrete intermediate (SH2, stepwise). 
R• +AB~ [RAB]•~ RA+ B• 
Although this overall reaction is formally a substitution, it is better classified as an 
addition-dissociation proce s. Atom abstractions are synchronous processes, but 
substitution at a coordinatively unsaturated atom is more likely to occur stepwise. For 
example, the intermediate adduct radical in the reaction of t-butoxy radical with 
trimethylphosphine has been identified by ESR spectroscopy.69 
1BuO• + Me3P ~ 1BuOP"Me3 ~ 1BuOPMe2 + Me• 
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If the adduct radical is fairly stable, it may react with a second radical to complete the 
substitution. 
R• + AB ~ [RAB]• 
[RAB]•+ R'• ~RA+ R'B 
Homolytic substitutions may also talce place by a unimolecular mechanism, designated 
SH 1, where the rate determining step is the unimolecular homolysis of the starting 
molecule. 
AB~ A•+B• 
R• +A•~ RA 
However, these unimolecular homolytic substitutions are relatively rare compared to the 
corresponding bimolecular reactions described above. 
Two group transfer reactions of immense synthetic value are the reaction of organic 
radicals with tributyltin hydride, and the reaction of tributyltin radical with organic 
halides, sulfides, Barton esters (thiohydroxamates), dithiocarbonates and related species. 
R• + Bu3SnH ~ RH + Bu3Sn• 
Bu3Sn• + RX ~ Bu3SnX + R• 
These two reaction types are essential to radical chain processes involving organotin 
species, and will be discussed in more detail in Section 1.3. 
1. 2 RADICAL CYCLIZA TIO NS 
Of the six types of radical reactions described above, in principle three may occur 
intramolecularly and result in the formation of cyclic systems. These are the bond 
forming reactions of radical coupling, addition and group transfer. 
1) INTRAMOLECULAR COUPLING OF A DIRADICAL 
This route to cyclic systems is rarely utilised, for the reasons previously described in 
Section 1.1. However there are a few examples of this type of cyclization reported in 
the literature. Highly strained ring sy terns can be prepared by this route. 5o-53 The 
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synthesis of such a system can be simply illustrated by an example of Criegee's 70 early 
work (Scheme 5), the synthesis of bicyclo[2. 1.0]pentane 18 from the azoalkane 16 via 
the diradical intermediate 17. 
~N 
6 ~ -N2 N 
16 ~ / 18 94% 
J:· 
17 
Scheme 5 
Larger ring systems have also been prepared by this method, but only a few isolated 
examples are known. A generalised macrolide synthesis has been described by Carlson 
et al.,71 and is shown in Scheme 6. The 2-(oxiranyl)cycloalkanones 19 und~rgo 
photochemical ring expansion via coupling of the acyl and allyloxy diradical intermediates 
20 to give the macrolides 21. 
!iv Qf-
n 
19 n = 1 - 3 
Scheme 6 
).~ 
L+/)n 
20 
21 
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2) INTRAMOLECULAR RADICAL ADDITION TO UNSATURATED 
BONDS 
endo exo 
9 
Two types of cyclization product can result from intramolecular radical addition to an 
unsaturated bond, depending on whether the attacking radical adds in an endo or exo 
fashion , as shown above. 
Stereoelectronic factors play a major role in determining the regiochernistry of most 
intramolecular cyclizations.30,72-82 When considering the all-carbon case of the general 
reaction type above, if the regiochemistry of intramolecular cyclization is predicted on 
thermochemical criteria and on the common generaljsation that more substituted alkyl 
radicals are more stable (e.g., that a secondary alkyl radical is more stable than a primary 
alkyl radical) , the product of endo cyclization would be expected to be favoured . This 
results in the formation of a larger ring and a more stable radical . However, this 
expectation is not often borne out by experiment (c.f , 5-hexen-1-yl cyclization) and a 
consideration of stereoelectronic factors affecting cyclization is necessary to accurately 
predict the regiochemistry of intramolecular cyclization. The stereoelectronic demands of 
the intimate transition structure for homolytic intramolecular addition must be met for 
cyclization to occur. Formation of the transition complex is thought to involve interaction 
of the 2p SOMO of the carbon radical with one lobe of the vacant 1t* orbital as shown 
below. 
D 
~ () 
The strain engendered in accommodating thi disposition of reactive centres for effective 
orbital overlap must also be con idered along with the steric and thermochemical factor 
expected to favour the formation of the most stable possible product. Hence 
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stereoelectronic factors are likely to be of more importance in the formation of medium 
and small rings, where the strain encountered in accommodating the transition state is 
higher. 
Examination of models and theoretical approaches83 to the two generalised transition 
complexes leading to the exo and endo cyclization products indicate that the degree of 
preference for exo ring closure will depend on the length of the chain. When the chain is 
short, the transition complex for the endo process is highly strained compared to that for 
the exo process. When the chain is long (and flexible) the difference in strain energy 
between the transition complexes leading to the two products is small, and the relative 
stabilities of the radicals formed may control the direction of ring closure. 
Entropy factors also need to be considered when comparing the closure of small and large 
rings. The closure of large rings results in a much larger entropy loss, so it has been 
found experimentally that the unsaturated bond in the substrate needs to be activated 
towards radical attack for cyclization to occur in reasonable yield. 
Radical additions are extremely versatile. Both carbon (alkyl,84· 91 aryl,92· 98 and 
vinyl99· 104) and heteroatom36 centred radicals can attack unsaturated bonds in this 
fashion . The scope of this reaction is further increased as an extremely large number of 
unsaturated moieties can undergo addition in this manner. These include localized 
unsaturated bonds such as alkenes36•101 •105· 111 and alkynes,36•99•112· 121 and polarized 
double and triple bonds such as cyano,36 •122 carbonyl,29 ·36•123 thiocarbonyl,29 •36 
imine, 36• 124· 128 and azo29•36• 129 bonds. Some extended 7t systems can also act in this 
fashion, such as aromatic nuclei,29 allenes, 130· 134 and conjugated olefins. 135 
This class of reaction has been reviewed by Surzur,36 Wilt,35 Hart, 12 Giese, 136 
Curran,40 and Beckwith and Ingold.29 Some examples from the recent literature serve to 
illustrate the diversity and applicability of this cyclization method. 
One advantage of designing syntheses incorporating radical reactions is the fact that they 
can often be performed in tandem.45• 111 • 137 The initial result of any intramolecular 
radical addition is the formation of a new radical, which in many cases can undergo 
further reaction (rather than being trapped by an external reagent) if the substrate is 
designed with this in mind. An example of tandem radical cyclization initiated by an aryl 
radical is provided by Parker et al. , 138 in their approach to the total synthesis of 
morphine, illustrated in Scheme 7 below. 
Chapter 1 11 
22 23 
j 
25 24 
I 
OSiPh/Bu 
26 35% overall 
Scheme 7 
The aryl radical 23 derived from the bromo precursor 22 attacks the nearer but more 
substituted end of the cyclohexene double bond in 5-exo fashion to stereoselectively 
generate the new quaternary centre in the intermediate radical 24. This then undergoes 
6-endo cyclization, adding to the ~-carbon of the styrene double bond to give the benzylic 
radical 25. The preference for endo over exo cyclization in this ca e is probably due both 
to a thermodynamic preference, a the product is a highly stabilised benzylic radical , and 
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also to a steric effect - the rigidity of the tricyclic skeleton probably prevents effective 
orbital overlap for 5-exo cyclization in this case. Finally, ~-elimination of the phenylthio 
group gives the advanced intermediate 26. 
Another example of tandem radical cyclizations, initiated by an alkyl 
radical , can be found in the synthesis of the natural product modhephene 
27, completed by Curran and Shen. 139 Part of this sequence is outlined 
·in Scheme 8. Conversion of the acid 28 into the thiohydroxamate 29, 
followed by heating affords the radical 30. This undergoes transannular 
cyclization to give the intermediate radical 31, generating the cis-fused 
ring junction. A consideration of the transition structure for 5-exo 27 
cyclization predicts the cis geometry of these substituents, as the substituent in position 1 
(the exocyclic methylene group) would preferentially adopt a pseudo-equatorial position 
in the chair-like transition structure. This then leads to the observed stereochemistry of 
the product. The radical 31 in tum cyclizes onto the pendant alkene in 5-exo fashion to 
give the radical 32. This is trapped by the thiohydroxamate 29 to give the tricyclic 
skeleton 33 as a mixture of four diastereomers in 63% isolated yield. The major isomer 
of the advanced intermediate 33 was then converted into modhephene 27 in several 
steps. 
I) (COClh 11o·c 2)Q 0 
N/ -0...-N I job 28 30 
s 
-~ (' h' 32 s l 29 
29 
SPy 
33 63 % overall 32 31 
Scheme 8 
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Quite large rings can also be synthesized by radical addition onto an unsaturated bond, as 
illustrated by the synthesis of racemic muscone 37 by Porter et al., 140 shown in 
Scheme 9. 
0 
34 
37 
Scheme 9 
endo 
-
several 
steps 
35 57% I Bu3SnH 
36 57% 
It is interesting to note that in this synthesis, the cyclization of the radical 34 proceeds 
exclusively in the endo mode to give the radical 35, unlike smaller rings which usually 
form by radical cyclization in exo fashion, due to stereoelectronic control of the transition 
state. On steric and polar grounds the double bond is unbiased towards radical attack, 
and both endo and exo cyclization should be equally favourable. Porter et al., 140 
attribute the observed endo selectivity to be due to the instability of intermediate sized 
rings compared to larger rings because of destabilization caused by transannular steric 
effects, and argue that the transition state for exo cyclization has more transannular strain 
than the transition state for endo cyclization. The endo cyclization product 36 was 
isolated in 57% yield and was then converted into racemic muscone 37 in several steps. 
The use of a chiral amide auxiliary in place of the ester in a similar synthesis led to 
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increased diastereoselectivity in the cyclization reaction, and R-muscone could be 
synthesized selectively in this manner. Both the ketone and the ester group present in the 
precursor 34 affect this radical cyclization significantly. The electron withdrawing nature 
of both of these groups serves to activate the double bond to radical attack, 141 
substantially increasing the rate of radical addition. The rate constant for 
macrocyclization of this system is probably of the order of 103-104 s- 1 (by comparison 
with earlier results published by the same group 142), and it is likely that without the 
activating effect of these electron withdrawing groups this cyclization would be too slow 
to be of any synthetic value. Other examples of the synthesis of large rings can be found 
in the literature, 143•144 and endo cyclization is usually observed. 
Unlike the previous examples, where the attacking radical was carbon-centred, 
heteroatom-centred radical addition can also occur. The next two examples serve to 
highlight the synthetic utility of nitrogen-centred radicals. 
Recently, Zard et al. , 124 have developed synthetic uses for irninyl radicals. As an 
example of this type of cyclization, shown in Scheme 10, the ketone 38 was converted 
into the sulfenylirnine 39, which was then treated with tributyltin hydride to generate the 
irninyl radical 40. This then cyclized exclusively in 5-exo fashion to form the heterocycle 
41. 
)J PhSN(SiMe3)2 )J/SPh Bu3Sn • )j Bu4NF (cat) 
Ph THF Ph Ph 
38 39 40 
! 
. 
Phb Bu3SnH Phb 
41 61 % 
Scheme 10 
Aminyl radicals are now also being used in synthesis. Bowman et al. , 145 have shown 
that tandem radical cyclizations of arninyl radicals generated from sulfenarnide precursors 
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can be used for the synthesis of pyrrolizidines and other polycyclic nitrogen heterocycles. 
A simple example showing the utility of the method is outlined in Scheme 11 below. 
~Ph ctPh Ph Bu3Sn • d~ I~ ~ SPh 
42 43 44 
7 16-oado 
~-
Ph 
cO. 
I B03SnH I B03SnH 
6 Ph cO 
45 49% 46 14% 
Scheme 11 
The sulfenarnide 42 was treated with tributyltin hydride to generate the arninyl radical 
43. This underwent 5-exo cyclization to generate the radical 44, which cyclized in 5-exo 
fashion to give the pyrrolizidine 45 as the major product. However, the radical 44 also 
underwent 6-endo cyclization to give the indolizidine 46 as a minor product. 
An example of alkyl radical cyclization onto a triple bond has been provided by Clive et 
al. , 146 in the course of their total synthesis of the anti tumour antibiotic fredericamycin A 
47. In earlier model studies, attention wa focussed on the need to find an effective route 
to sterically hindered spirodiketone . A radical cyclization was chosen as the preferred 
method (Scheme 12), as radical reactions are often less sensitive than ionic cyclizations 
to steric factor . 
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At a late stage of the synthesis of fredericamycin A 47, the advanced intermediate 
selenide 48 was treated with triphenyltin hydride at room temperature in the presence of 
triethyl borane and air to generate the desired radical intermediate. This cyclized to afford 
the spiroketone 49 as a single isomer in 50% yield. 
OSiPh/ Bu 
MeO 
MeO-.. 
48 
47 
Scheme 12 
MeO 
MeO 
49 50% 
3) INTRAMOLECULAR GROUP TRANSFER PROCESSES 
endo CA• B-D exo + D• 
Although bimolecular homolytic substitution is one of the most common processes free 
radicals can undergo, the intramolecular case resulting in ring formation is much less 
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commonly observed. Intramolecular group transfer reactions can occur in both an exo 
and endo mode, but the formation of a cyclic product can only occur via the exo process, 
whereas the endo process results in the formation of a rearranged product. The Barton 
rearrangement 147-149 is an example of an intramolecular homolytic substitution that 
proceeds in the endo mode and is highly regioselective. An example is shown in 
Scheme 13. The regioselective functionalisation of an unactivated carbon in the 8 
position to an alcohol is a direct consequence of stereoelectronic control of the transition 
·state of this reaction. The required approximately colinear arrangement of the three atoms 
involved in the hydrogen transfer can be accommodated by a six-membered transition 
state, but not by smaller rings. 
Scheme 13 
Ab initio calculations carried out by Houk 150 are in accord with this theory, and have 
shown that in hydrogen atom transfers of this type, a flattened chair-like conformation of 
a six membered transition state is preferred. 
No examples are known of intramolecular homolytic substitution occurring at unstrained 
sp3 hybridised carbon centres, presumably because of the high activation energies 
involved. 65 However, this reaction has been observed to occur at oxyen,67·151 ·152 and 
with coordinately unsaturated atoms such as sulfur67 ·153 ·154 (sulfides, 155 -163 
disulfides , 164·165 sulfoxides, 162·166 thioesters 162·165 ·167 and sulfinyl esters 168) , 
boron, 67 phosphorus, 67 selenium 169-171 and others. 67 
Intramolecular homolytic sub titutions at sulfur have been found to occur in the exo 
mode. For example, the radical 50 was found to undergo exclusive exo cyclization to 
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form the heterocycle 52 (Scheme 14), and no products derived from the radical 51 
(generated by endo substitution) could be detected.166 
CCR . endo CC)+R• 
51 50 52 
Scheme 14 
The rate of reaction was found to depend on the stability of the new radical formed in the 
displacement, 161 in the order R = benzyl > t-butyl > methyl, and is of the order of 108 s· 1 
at 80°C. Attack of an alkyl radical on sulfur was found to be much slower, with rate 
constants of the order of 102 - 104 s·1. 161 
An example of intramolecular homolytic substitution at the sulfur of a chiral sulfoxide is 
provided by Beckwith and Boate 166 and is shown in Scheme 15. This example shows 
that exo ring closures can be highly efficient and proceed with complete inversion of 
configuration at sulfur. Treatment of the sulfoxide 53 with tributyltin hydride afforded 
the aryl radical 54 which cyclized to afford the sulfoxide 55 as the major product, with 
the sulfide 52 as a minor product. 
53 
r(o:~·f"t 
V· o'i Me 
54 j B,3SoH 
~ 
V--s~ 
I ',, ,, 0 , .. 
+ co 
55 74% (ee>98%) 52 16% 
Scheme 15 
All of the above results lead to the hypothesi that these reactions proceed via a transition 
Chapter 1 19 
state in which the attacking radical , the sulfur and the leaving group assume an 
approximately colinear arrangement. 16 6 This transition structure cannot be 
accommodated in the 5- or 6-membered cyclic transition states involved in endo 
substitution in these systems. Hence this hypothesis accounts for the high 
regioselectivity and stereoselectivity of these reactions. 
Ab initio molecular orbital calculations carried 
out by Schiesser172 support this hypothesis by 
predicting that homolytic substitution by methyl 
radical at sulfur in alkyl sulfides proceeds via a 
R----S·---R' 
I 
H 
0 , ... ·. 
\ --R - - - S· - - -R' 
I 
H 
T-shaped transition structure and in sulfoxides via a hypervalent radical intermediate. 
Both of these structures have an approximately colinear arrangement of the three reactive 
centres. An example of the versatility of homolytic substitution at sulfur is provided by 
Tada and Nakagiri 162 and is demonstrated in Scheme 16. 
56 
58 
59 
Scheme 16 
60 100% 
Et02C--:I:) S 
Et02C 
61 97% from 57 
99% from 58 
62 92% 
The radicals 56 to 59, generated via photolysis of the corresponding organocobaloxime 
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species, undergo intramolecular homolytic substitutions to give the thiolactone 60, the 
cyclic sulfide 61 and the sulfoxide 62. Again, all of these reactions proceed exclusively 
by exo substitution. 
Homolytic substitution reactions can occur just as readily at selenium as at sulfur, and 
this is illustrated by the next example. Schiesser and Sutej 170 have published a short 
synthesis of substituted benzoselenophenes via homolytic substitution at selenium. This 
is outlined in Scheme 17. The radical precursor 6 3 was treated with 
tris(trimethylsilyl)silane to generate the radical 64. This underwent exclusive 5-exo 
homolytic substitution at selenium to give the alcohol 65, which subsequently dehydrated 
to produce the aromatic heterocycle 66. 
R OH 
63 64 
~OH , 
~S~R 
65 
R / 
R R' 00-R H H 80% 
Se H Ph 86% 
CH3 H 82% 
66 Ph H 83% 
Scheme 17 
1.3 FUNDAMENTALS OF RADICAL CHAIN PROCESSES 
The vast majority of radical reactions of use in synthetic applications are chain reactions. 
These are characterized by an initiation step, in which radicals are formed , one or more 
propagation steps, where reactions take place resulting in the generation of different 
radicals, and one or more termination steps, where radicals are destroyed. Chain 
reactions are efficient for radical tran formations , as for every radical produced in the 
initiation step, many product molecule can be formed, depending on the length of the 
chain (number of propagation steps) before termination. For an efficient synthetic 
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reaction, initiation must be carried out at normally accessible temperatures, usually by 
photolysis or thermolysis, and the propagation steps must be relatively fast. Slow 
propagation steps cause the concentration of radicals in the reaction to rise , making 
termination steps more frequent and shortening the radical chain length as a result. In 
general, radical chain processes become increasingly inefficient when propagation 
becomes slower, and propagation rate constants of 102 M" 1s· 1 or less are not 
synthetically useful. A good description of the kinetics of radical chain processes is 
given by Walling.18 
In a simple treatment of the kinetics of a radical chain reaction, where propagation is 
described by the reactions 
B• + A """7 BA• 
BA•+ B-X """7 BAX+ B• 
and there are three possible termination steps, 
2 BA• """7 BA-BA 
2 B• """7 B-B 
with a rate constant k3 
with a rate constant kd 
with a rate constant ~ 1 
with a rate constant k12 
B• + BA• """7 B-BA with a rate constant k11 2 
if Ri represents the rate of chain initiation , and if the reaction is carried out in a large 
excess of A, then the rate of reaction of A can be written 
Hence the propagation rate constant kd is crucial to the overall rate of reaction, as it is first 
order in the rate equation. 
For initiation reactions in synthetic applications, the most commonly utilized sources of 
free radicals are compounds that tend to undergo thermolytic or photolytic 
decomposition , usually by homolysis of a weak bond. Peroxides such as di-t-butyl 
peroxide and benzoyl peroxide , and azo compounds such as cx. ,cx.'-azobis(iso-
butyronitrile) are often used in this manner. 
RO-OR """7 2 RO• 
R-N=N-R """7 2 R• + N2 
The radicals thus generated can be incorporated into a product a a result of direct reaction 
with the substrate. However, it is more common for initiators to be used catalytically 
( <10mol% compared with reactant ) to initiate a chain reaction. 
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One of the most important and synthetically useful examples of this type of reaction is the 
radical chain created by an initiator, tributyltin hydride and a substrate. A common chain 
reaction is described in Scheme 18. Tributyltin hydride is the most commonly used 
organotin hydride, as it is easily prepared without special equipment173 and can be stored 
when pure for months. It can also be generated in situ from tributyltin chloride and 
sodium cyanoborohydride. 174•175 This method of reaction is often referred to as the 
"catalytic tin method" . 
An initiator radical In• (generated thermolytically or photolytically as described above) 
abstracts a hydrogen atom from tributyltin hydride to generate tributyltin radical. 
Tributyltin radical can then react with a substrate RX by atom or group abstraction to 
generate a substrate radical R•. This radical can then undergo internal rearrangement CP-
or a-fission, intramolecular addition, or intramolecular homolytic substitution), addition 
to a second molecule with an unsaturated bond, or group transfer with a second 
molecule, to generate a new radical R•. This is then trapped by tributyltin hydride, giving 
the final organic product RH and regenerating tributyltin radical to continue the catalytic 
cycle. 
Initiator ~ In• 
In• + Bu3SnH ~ InH + Bu3Sn• 
Bu3Sn• +RX~ Bu3SnX + R• 
R• + Bu3SnH ~ RH + Bu3Sn• 
2 R• ~ R-R 
R• + Bu3Sn• ~ Bu3SnR 
2 Bu3Sn• ~ Bu6Sn2 
Scheme 18 
initiation 
propagation 
propagation 
termination 
termination 
termination 
The overall reaction is thermodynamically favourable and is driven by the exchange of a 
relatively weak R-X bond for a strong R-H bond, and the exchange of a Sn-H bond for a 
stronger Sn-X bond. X can be a large range of functional groups, 176• 177 and is 
commonly a halogen (Cl, Br, I but not F) , sulfide, Barton ester (thiohydroxamate), 
dithiocarbonate or related species. The tributyltin hydride concentration in these reactions 
can be crucial. Often reactions are carried out under high dilution conditions to keep the 
concentration of tributyltin hydride in solution as low as possible. Keeping the 
concentration of tributyltin hydride low decrease the incidence of direct reduction of R• 
before it has time to rearrange or react with another molecule, as reduction is a 
bimolecular process. 
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Although the thermodynamics of this reaction are favourable , for it to be of use in 
synthesis, each step must be rapid. Many carbon-based radicals react with tributyltin 
hydride with a rate constant of the order of 106 M-1s· 1 at room temperature, and it has 
been found that the rate constants for primary, secondary and tertiary alkyl radicals are 
similar. 178 Radicals such as phenyl or cyclopropyl have been found to react even more 
rapidly with tributyltin hydride. 179 
· The rates of reaction of tributyltin radical with substrates RX also needs to be considered. 
The rate of abstraction of halide by tributyltin radical has been found to increase in the 
order RF < RCl < RBr < RI and rate constants for these abstraction reactions are of the 
order of 102 - 103 M· 1s· 1 for alkyl chlorides ranging up to 107 - 109 M· 1s· 1 for alkyl 
iodides . 32 For any given halogen, the reactivity increases in the order aryl < primary 
alkyl< secondary alkyl< tertiary alkyl< benzy1 halide.32 These two trends reflect both 
the strength of the tin-halogen bond formed, and the stability of the resultant carbon 
radical. The review by Neumann 180 is recommended for a discussion of organotin 
hydride chemistry. 
There are several problems associated with organotin chemistry. Organotin compounds 
are toxic and create a disposal problem, the formation of organotin compounds often 
makes workup and product isolation difficult , 181 • 182 and the desired products are 
frequently contaminated by traces of organotin compounds. 182 In addition , the 
experimental procedure often requires several hours for slow addition of the organotin 
hydride, in order to keep the concentration of this species in solution as low as 
possible . 37 •4o-43 Gas chromatographic analyses of mixtures containing organotin 
compounds often show complications due to organotin contamination. 
Tris(trimethylsilyl)silane was first reported by Gilman et al. , 183 in 1965, but its synthetic 
importance was only recognised in the late 1980's. It is now a reagent widely used in the 
same manner as tributyltin hydride. 184- 189 Its chemistry has been reviewed by 
Chatgilialoglu.190 In many ca es, tris(trimethylsilyl)silane is preferable to tributyltin 
hydride in synthesis, as its u e avoids the need for a special workup procedure because 
the silicon-containing by-products are easily removed by chromatography. Further, 
tris(trimethylsilyl)silane and it ilicon-containing by-products are less toxic than the 
corresponding tin compounds. 19 1 The efficiency of tris(trimethylsilyl) ilyl radical 
reactions with organic substrate decrea es in the order iodide > xanthate > bromide ::::: 
selenide > isocyanide ::::: nitro > sulfide ::::: chloride ::::: acyl chloride. Such reactions have 
rate constants of the order of 109 M-1 · 1 for alkyl iodide ranging down to 105 M-1s· 1 for 
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alkyl chlorides, 190 similar to or higher than the rates of reaction of tributyltin radical with 
similar organic substrates. 
In contrast, tris(trimethylsilyl)silane is a slightly less reactive hydrogen donor than 
tributyltin hydride, as the silicon-hydrogen bond is stronger than the tin-hydrogen 
bond. 184 Rate constants for hydrogen abstraction from tris(trimethylsilyl)silane by 
carbon radicals are in general lower than for tributyltin hydride, usually of the order of 
105 M"1s· 1 rather than 106 M· 1s· 1. 190 This difference in reactivity between tributyltin 
hydride and tris(trimethylsilyl)silane can be exploited in synthesis. When direct reduction 
of a carbon radical is competing with another process, such as rearrangement of the 
carbon-centred radical , the use of tris(trimethylsilyl)silane as the reducing agent rather 
than tributyltin hydride can be advantageous . The slower hydrogen donation rate of the 
silane competes less effectively with the rearrangement reaction, ultimately leading to 
better yields of the rearranged product. 
1. 4 AIMS OF THIS WORK 
Although the preceding introduction is by no means comprehensive, it serves to show 
that free radical reactions can be extremely useful tools in synthesis. By far the most 
common use of free radical cyclization reactions is in the formation of small rings by 
intramolecular addition reactions . In contrast, the formation of small rings by 
intramolecular homolytic substitution reactions has been less explored. The synthesis of 
large rings by any type of radical cyclization reaction has similarly received far less 
attention. The aim of the work described in this thesis was to explore the usefulness of 
free radical cyclizations in both of these areas - the formation of small heterocycles by 
intramolecular homolytic substitution reactions , and the formation of heteroatom-
containing macrocycles by radical cyclization. 
The synthesis of macrocycles, in particular, has previously been dominated by ionic 
chemistry , although this is changing slowly due to the work of Porter, 140• 143• 192 
Pattenden 144 and others. However, most examples of radical macrocyclization in the 
literature to date have been largely hydrocarbon-based, with few examples incorporating 
heteroatoms. Other examples are aimed at natural product synthesis. One of the specific 
aims of this work was to synthesize macrocycles capable of metal binding, using radical 
cyclization methodology, and hence to show that this method may be useful for the 
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synthesis of macrocycles of interest. This work and the related literature are described 
fully in Chapters 3 and 4. 
Another specific aim of this work was to further investigate intramolecular homolytic 
substitution at sulfur, particularly in the formation of five-membered rings. This is of 
interest because it has been proposed that in the biosynthesis of isopenicillin N, the 
carbon-sulfur bond of the thiazolidine ring is formed by the attack of a carbon-centred 
radical at sulfur. This mechanism is thought to be general for many of the compounds in 
the penicillin family . A synthesis of a penam ring system with the pivotal step of the 
synthetic sequence involving the attack of a carbon-centred radical at sulfur may be 
considered a biomimetic synthesis of the penam series. Thus, demonstrating the 
synthetic utility of this type of radical cyclization in the creation of this ring system adds 
support to the proposed mechanism for penicillin biosynthesis. This work and the related 
literature are described fully in the following chapter. 
Although the synthesis of these specific classes of compounds was a primary aim, it was 
hoped that the experimentation necessary to achieve these goals would furnish further 
information about the factors that affect the rates and selectivities of these types of radical 
reactions. This knowledge in tum could then assist in the development of new synthetic 
methods. 
CHAPTER 2 : RADICAL APPROACHES TO SMALL 
HETEROCYCLES. SYNTHETIC STUDIES 
TOWARDS y-LACTAM COMPOUNDS 
2.1 RADICAL REACTIONS IN NATURE · PENICILLIN 
BIOSYNTHESIS 
26 
Free radical intermediates abound in nature, from antioxidants in the body to components 
of photochemical smog.193 Radical intermediates are also involved in the biosynthesis of 
many biologically active compounds such as the prostaglandins, 194 leukotrienes and 
thromboxanes .194•195 
A large research effort has been devoted to the elucidation of the biosynthesis of some of 
the more important families of natural products, and subsequently some of the most 
successful laboratory syntheses of natural products have been modelled on these 
biosynthetic pathways. Such reaction sequences are termed biomimetic. There is wide 
scope for the use of radical reactions in biomimetic syntheses, as many natural products 
have radical intermediates in their biosynthetic pathways. 
Because of the important pharmacological properties of penicillin and related P-lactam 
antibiotics their biosynthesis has attracted great interest. Penicillin was the first microbial 
metabolite discovered to show significant discrimination between toxicity to Gram-
positive bacterial cells and toxicity to mammalian host cells. 196 This led to its use in the 
systemic treatment of bacterial infections in humans and animals. Research on all aspects 
of P-lactam antibiotics is still very intense, reflecting the enormous medical and 
commercial importance of this group of drugs. It wa first proposed in 1979 that free 
radical intermediates are involved in penicillin bio ynthesis. 197 
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2.2 ELUCIDATION OF THE BIOSYNTHETIC PATHWAY OF 
PENICILLIN 
27 
In the 1950's198•199 feeding experiments demonstrated that L-cysteine, L-valine and L-a-
aminoadipic acid are essential units from which the penicillin ring system (e.g., Penicillin 
N 67) is formed . It was subsequently shown that the same three amino acids are also 
precursors of the cephalosporin ring system (e.g., Cephalosporin C 68).200 
In view of the structure of penicillin N 67, 8-(L-a-aminoadipoyl)-L-cysteinyl-D-valine 
(LLD-ACV) 69 appeared to be a possible intermediate in penicillin biosynthesis.201 It 
was then shown in a cell-free system202 that isotopically labelled (LLD-ACV) 69 was 
converted into isopenicillin N 70 and that the carbon skeleton remained intact during the 
conversion. 203•204 
NH2 0 H,,,,.I - II ~H02C N)=r)< 
0 :. 
69 
70 
The use of this cell-free system al o led to the isolation of isopenicillin N synthase 
(IPNS), an enzyme capable of catalysing the conversion of (LLD-ACV) 69 into 
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isopenicillin N 70. It was then discovered that IPNS requires molecular oxygen, ferrous 
iron, a reducing agent (such as ascorbate) and a thiol group (such as that of dithiothreitol) 
for optimal activity.205•206 
Further studies proved that the two new bonds formed during cyclization (i.e. , the 
carbon-nitrogen bond of the P-lactam ring and the carbon-sulfur bond of the thiazolidine 
ring) were formed with virtually complete retention of configuration. 207•208 This and 
· other observations led to the conclusion that the formation of isopenicillin N 70 from 
(LLD-ACY) 69 proceeds by what is formally the simplest process - removal of only 
those hydrogens that are required to allow the formation of rings. Since two new bonds 
are formed, it was of interest to discover whether an intermediate is formed (stepwise 
cyclization reactions) or if the reactions are concerted. No free intermediate between 
(LLD-ACY) 69 and isopenicillin N 70 had ever been isolated previously. Several likely 
monocyclic intermediates were prepared, and tested with the cell-free system, but they 
behaved neither as substrates for IPNS nor as competitive inhibitors of the enzymatic 
conversion of (LLD-ACY) 69 into isopenicillin N 70.209-212 NMR spectroscopy was 
then used in studies on the cell-free system to observe possible intermediates, but no free 
intermediates were detected.213-215 
However, studies of kinetic isotope effects on the cyclization reaction216•217 led to the 
following conclusions. 
1) The conversion of (LLD-ACY) 69 into isopenicillin N 70 is not a concerted 
process but a stepwise one, in which initial P-lactam formation precedes 
thiazolidine formation . 
2) The first breakage of a C-H bond occurs at position 3 of the cysteine residue in 
(LLD-ACY) 69. 
3) An intermediate is formed by this event which remains enzyme bound before 
cyclizing to isopenicillin N 70. 
The enzyme bound intermediate was proposed to be the monocyclic lactam 71. 
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The stereochemistry of formation of the carbon-sulfur bond in the thiazolidine ring 
closure was next studied. Isotope labelling studies lent support to the proposal that a 
carbon-centred radical was produced at the carbon-sulfur bond forming site in this step of 
penicillin biosynthesis. Baldwin et al., 218 showed that the formation of norisopenicillin 
N from two diastereomeric peptides is in accord with a radical mechanism for carbon-
sulfur bond formation, since rotation of the radical intermediate followed by an enzyme-
directed coupling explains this result. 
A cyclopropylcarbinyl radical probe was then used to confirm the existence of a radical 
intermediate.219 It is well established that the cyclopropylcarbinyl radical undergoes 
extremely rapid (108 s- 1) ring opening to the homoallyl radical. 220 When the 
cyclopropyl-containing peptide 72 was exposed to IPNS, the major product formed was 
the eight-membered ring species 73, along with minor amounts of the penicillin 74, as 
shown in Scheme 19. 
~ 
IPNS RH)_-£~ 
0 . ~ 
72 C02H 
RHN)=t~ 
0 ,,' 
j 
+ 
C02H 
73 74 
Scheme 19 
This experiment, in addition to supporting the radical nature of the cyclization, 
established that formation of the sulfur-carbon bond of the thiazolidine ring in the 
biosynthesis of penicillin is a fast process, of the order of 107 s-1 at room temperature. 
Baldwin et al., 164•221 -223 suggested that the sulfur atom of the enzyme-bound 
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intermediate may be coordinated to an iron atom. Further experiments gave support to 
the idea that the cysteine thiol is directly attached to a ferry I ion (tetravalent iron oxide) 75 
at the intermediate stage. 
The evidence for homolytic character in the carbon-sulfur bond forming step resulted in 
the description of this cyclization as shown in Scheme 20 below. 
75 
j 
Scheme 20 
An excellent review of penicillin biosynthesis by Baldwin et al., 224 gives a more 
complete coverage of this topic. Recent detailed investigations into carbon-sulfur bond 
formation in penicillin biosynthesis have been described by Adlington 225 and 
Baldwin.223 
2.3 INVESTIGATIONS OF HOMOLYTIC SUBSTITUTION AT 
SULFUR IN BIOMIMETIC SYNTHESES OF PENAMS 
Free radical routes to the P-lactam antibiotic skeleton have been thoroughly investigated 
by Bachi et al., 226-229 and Knight and Par ons.230•23 1 However, these approaches were 
characterised by the addition of alkyl or vinyl radicals onto an unsaturated bond 
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elsewhere in the molecule, as shown in Scheme 21 below. Such radical annelations 
' 
although useful, cannot be regarded as constituting biornimetic syntheses . 
. 
p~~ -}]J 
0 0 
Scheme 21 
A biornimetic synthesis incorporating radical annelation would have to effect ring closure 
to form the thiazolidine ring via a radical substitution reaction at sulfur. Such SH2 
reactions at sulfur centres have been studied by Beckwith and Boate, 157 who reported the 
successful formation of 4,6,6 P-lactam ring systems such as the P-lactam 76 by this 
method (Scheme 22). 
"( 
r.~ ----)=[)) 0 
Br 
76 
Scheme 22 
Intramolecular attack of aryl radicals on sulfides was found to occur with a rate constant 
typically of the order of 107 s· 1 at 80°C. 154 Similar cyclizations of alkyl radicals were 
carried out by Beckwith and Best232 but these reactions were found to be too slow to be 
of any synthetic value. Franz et al., 161 subsequently published rate constants of the 
order of 103 • 1 at 50°C for intramolecular displacement reactions of primary alkyl 
radicals at sulfur. 
Beckwith and Duggan 165 then investigated the kinetics of intramolecular alkyl radical 
attack on sulfur in disulfides and thioesters, and observed that these reactions occur 
rapidly at moderate temperatures. They also showed that the rate constant for ring 
closure on a disulfide bond is of the order of 10 7 s· 1 at 50°C, comparable to the rate 
constant for thiazolidine ring closure on an enzyme-bound sulfur in the bio ynthesis of P-
lactarn antibiotic . They commented that although the attachment of the substrate to IPNS 
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through a disulfide bond seemed unlikely, their results showed that intramolecular radical 
attack on a sulfur-iron bond was kinetically feasible. 
Munaweera showed that aryl radical intramolecular homolytic displacement reactions at 
sulfur could be applied to the preparation of model compounds of potential biological 
activity. 233 The synthesis of several ring systems containing fused P- and y- lactam rings 
such as the lactams 77, 78 and 79 were achieved by the use of this methodology. 
77 78 
0 79 
2.4 BIOLOGICAL ACTIVITY OF y-LACTAM COMPOUNDS 
Molecular modelling and biological evaluation of y-lactam 
analogues of P-lactam antibiotics has been carried out by Boyd 
et al. 234 Molecular superpositioning of novel y-1 act am 
analogues of penems and carbapenems showed that these 
structures present the pharmacophoric groups in close spatial 
s 
:~--t-R 
O C02H 
80 
similarity to the analogous groups in biologically active cephalosporin and penicillin 
antibiotics. This suggested that these analogues could be accommodated in the same 
active sites of bacterial penicillin-binding proteins where cephalosporins and penicillins 
are recognised. The synthesis of several analogues of the type 80 were then undertaken 
and these compounds were shown to di play low yet demonstrable activity against a 
variety of organisms. 
Another study on the y-lactam analogue of the penems was carried out by Baldwin et 
al. 235 Their findings were similar to tho e above, demonstrating that the y-lactam 81 
showed biological activity, whereas the aturated analogue 82 exhibited no biological 
activity. They reasoned that the ab ence of antibacterial activity observed for saturated 
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compounds such as 82 was derived from the diminished reactivity of the y-lactam 
compared to that of the ~-lactam ring system. Hence a y-lactam analogue of a penem, 
such as 81, might show increased reactivity and biological activity due to delocalization 
of the lactam nitrogen lone pair through the olefinic double bond. 
0 0 
PhOJ~~-f PhOJ:~~ 
0 C02H 0 C02H 
81 82 
At the instigation of the current work, the y-lactam 78, previously synthesized by 
Munaweera, 233 was chosen for further study. It possesses a thiazolidine ring similar to 
the penicillins, the synthesis of which is possible by a biomimetic radical route. The 
fusion of the thiazolidine ring to the aromatic ring introduces unsaturation which seems to 
be necessary for the biological activity of the y-lactams.-235 Both this compound and the 
corresponding free acid were shown to have negligible biological activity by 
Munaweera,233 so further modifications to the molecular skeleton were planned. 
~ 
s GN-0-co,E, 
s V-0-co,E, 
0 
0 
78 
The free carboxylic acid is considered an essential structural component for the biological 
activity of penicillins,236·238 so an obvious extension of the previous synthesis is to 
make isomers of the y-lactam 78, such as 83 and 84, where the carboxylic acid is closer 
to the lactam functionality, similar to the spatial relationship present between these 
functional groups in the penicillin skeleton. These isomers may then be anticipated to 
have higher biological activity than the original isomer. 
83 84 
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2.5 IMPROVED SYNTHESIS OF 1,2,3,3A-TETRAHYDR0-1-
OXO-(1H)-PYRROLO[2,l-B]BENZOTHIAZOLE-6-
CARBOXYLIC ACID (85) 
34 
Initial experiments were directed towards the synthesis of 
the acid 85 , with the intention of changi ng and 
improving on the reaction condition s used by 
Munaweera. 233 The initial steps in the sequence are 
shown in Scheme 23. 
~-0-co,H 
0 
85 
HBr + 
Br Br Br 
+ 
Br 
NH2 NH2 
89 55% 90 28% 
DMAP ovo 
0 91 62% 
Scheme 23 
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Bromination of p-aminobenzoic acid 86 was achieved by Munaweera by the addition of a 
30% (w/v) aqueous solution of hydrogen peroxide to a solution of p-aminobenzoic acid 
86 and hydrogen bromide in water. The resultant mixture of monobrominated and 
dibrominated products 87 and 88 was then treated with methanol / sulfuric acid to 
convert the acids to the more easily handled methyl esters 89 and 90. Separation of 
these esters by column chromatography gave the desired bromide 89 in 12% yield, and 
the dibromide 90 in 15% yield. When this reaction was repeated at the beginning of the 
current work, hydrogen peroxide was added to the reaction mixture dropwise as a 3% 
(w/v) aqueous solution, rather than as the 30% (w/v) aqueous solution reported 
previously. The use of a more dilute hydrogen peroxide solution resulted in an increased 
ratio of the monobrominated product 87 relative to the dibrominated product 88 than had 
been previously achieved. This was reflected in the isolation of the desired bromide 89 
in 55% yield and the dibromide 90 in 28% yield. The next reaction in the sequence, 
addition of succinic anhydride to the bromide 89 with 4-dimethylaminopyridine (DMAP) 
as a catalyst, proceeded smoothly as described by Munaweera,233 affording the 
succinirnide 91 in 62% yield. Unreacted amine 89 was also recovered and could be 
recycled. 
Subsequent conversion of the succinimide 91 into the hydroxylactam 92, proved to be 
extremely troublesome. 
- - ---- ------~ 
0 0 
91 92 
The procedure of Munaweera233 involved the use of an excess of an ethereal solution of 
zinc borohydride to effect the reduction (Scheme 24). It was found that this method 
yielded only minor amounts of both the product 92 and a ring-opened compound 93, 
together with a large amount of starting material. Many other procedures were then 
investigated in order to improve the yield of the hydroxylactam 92 from the succinimide 
91 . The solubility of the zinc borohydride reagent was poor, and as this was considered 
a possible reason for the low yield of reduced product, a number of variants of the 
reaction conditions were examined. Several other solvents were used in addition to 
diethyl ether, in an attempt to improve the solubility of zinc borohydride in the reaction 
mixture . Reaction time and temperatures were also varied. None of these variant 
proved satisfactory, so other reducing agents were then investigated. The results of thi 
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study are displayed in Table 1. In general , mixtures of the desired hydroxylactam 92, 
the ring opened compound 93 and the starting material 91 were obtained from these 
reactions. 
91 
<~-O-C02Me 
O · 
92 93 
Scheme 24 
The yields given in Table 1 below were determined by 1H NMR spectroscopy of the_ 
crude reaction mixtures . Several signals apparent in the I H NMR spectrum were 
diagnostic for the compounds above. The relative amount of starting succinimide 91 
remaining was determined by the integrated peak height of the symmetrical multiplet at 
o 2.90-3.00, due to the resonance of the four succinimide ring protons. The 
hydroxylactam 92 displays a diagnostic signal at o 5.46 due to the resonance of the 
newly introduced methine proton, adjacent to the lactam nitrogen and the hydroxyl group. 
The ring opened compound 93 has a characteristic triplet at o 3.75 in the 1H NMR 
spectrum due to the methylene protons adjacent to the hydroxyl group. 
Even though the desired hydroxylactam 92 could be isolated in small amounts in many 
cases, none of the procedures investigated were synthetically viable. Although the 
reaction involving the use of zinc borohydride and a catalytic amount of p-toluenesulfonic 
acid (p-TSA) in diethyl ether and dichloromethane resulted in a 62% yield of the desired 
hydroxylactam 92, as shown in the table below, this yield was achieved after a reaction 
time of 72 h, so further methods were investigated. 
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Reagent Solvent T Reaction Yield 91 Yield 92 Yield 93 
oc Time h % % % 
Zn(BH4h ether 20 24 57 43 0 
Zn(BH4h ether 34 6 75 15 0 
Zn(BH4)i ether: THF 20 4 95 5 0 
(1: 1) 
Zn(BH4)i ether : THF 20 44 13 41 46 
(1: 1) 
Zn(BH4)i ether: THF 20 96 0 27 73 
(1:2) 
Zn(BH4h ether : benzene 20 20 100 0 0 
cat. p-TSA (1 : 1) 
Zn(BH4)i ether : CH2Cl2 20 18 65 23 12 
(1:1) 
Zn(BH4)i ether : CH2Cl2 20 24 70 20 10 
cat. p-TSA (1 :1) 
Zn(BH4)i ether : CH2Cl2 20 48 54 36 10 
cat. p-TSA (1:1) 
Zn(BH4h ether : CH2Cl2 20 72 18 62 20 
cat. p-TSA (1: 1) 
NaBH4, 2M HCI ethanol -5 1 0 0 100 
dropwise239 
NaBH4, 2M HCl THF : methanol 0 3 0 0 100 
dropwise after 2 (10: 1) 
h240 
NaBH/41 ,242 ethanol 0 3.5 0 0 100 
Table 1 Product distribution for attempted reductions of the succinimide 91 to the 
hydroxylactam 92. 
A reduction was also carried out with sodium cyanoborohydride in methanol, as this is a 
more selective reducing agent than odium borohydride. For reaction carried out at 
-78°C , only starting material was recovered . When the reaction wa warmed to room 
temperature an unexpected product, the methyl ester 94 , was formed in nearly 
quantitative yield. Pre umably formation of the methyl ester 94 arises via attack of 
methanol or methoxide ion on the uccinimide 91 under the e conditions. 
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<~-O-co2Me 
0 
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It appeared that the lack of success with these reduction reactions was not 
due to an inability to form the intermediate anion 95, but rather to the 
tendency of this anion, once formed, to react further, usually resulting in 
nitrogen-carbon bond cleavage. 
It seemed possible that this problem could be overcome by employing an 
appropriate metal ion to complex (and hence stabilise) the anion, in order 
38 
95 
to prevent it from reacting further. Accordingly, a reac~ion was conducted in which an 
ethereal solution of zinc chloride was added to an ethereal solution of zinc borohydride, 
to provide a large excess of zinc ions. With careful monitoring of the reaction (to quench 
the mixture before the formation of the ring opened compound 93 occurred), the desired 
hydroxylactam 92 could be obtained in 60 - 70% yield. The hydroxylactam 92 was 
easily identified by the diagnostic signal present in its 1H NMR spectrum at 8 5.46 due to 
the resonance of the methine proton adjacent to the lactam nitrogen and the hydroxyl 
group. In addition, the symmetrical multiplet at 8 2.90-3.00 present in the spectrum of 
the starting succinimide 91 was not present, and was replaced by a complex multiplet at 
8 2.25-2.95. This is due to the resonance of the four other lactam ring protons. A mass 
spectrum of the compound confirmed its identity as the hydroxylactam 92, showing a 
low intensity protonated molecular ion at m/z 330/328, a low intensity molecular ion at 
m/z 329/327, and an intense peak due to the loss of bromine at m/z 248. 
The hydroxylactam 92 was immediately treated with t-butyl mercaptan and a catalytic 
amount of p-toluenesulfonic acid in dichloromethane, as described by Munaweera233 to 
afford the thioether 96, the required radical precursor, in 46% yield over the two steps. 
(Scheme 25) The thioether 96 showed a characteristic signal in the I H NMR spectrum 
at 8 5.21 due to the methine proton adjacent to the lactam nitrogen and the thioether. A 
signal at 8 1.06 due to the t-butyl protons, was also apparent. 
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~ 
Yb-co,Me c::-0-co2Me Bu 3SnH 
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0 96 46% 97 46% 
j KOH 
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Yb-co,H S Br GN-O-co2H Bu3SnH 
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0 
98 95% 85 67% 
Scheme 25 
The radical cyclization step was conducted a described by Munaweera233 on both the 
methyl ester 96 and the free acid 98 . The methyl ester 96 cyclized in 46% yield, 
whereas the free acid 98 cyclized in 67% yield. The difference in yield may be due to a 
difference in workup procedures, rather than to an inherent difference in reactivity of the 
two compounds. The DBU workup as described by Curran et al. , 243 to remove tin by-
products was not necessary for the i olation of the free acid 85, but was necessary for 
the isolation of the methyl ester 97. The selectivity of this radical cyclization is notable. 
The homolytic substitution proceeds entirely in the exo mode with di placement of the 
t-butyl radical, resulting in ring formation . No products derived from the radical 100 
generated by endo homolytic ub titution could be detected (Scheme 26). Thi 
selectivity can be explained by the tereoelectronic requirement of the transition state for 
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homolytic substitution at sulfur. The required approximately colinear arrangement of the 
three reactive centres can be accommodated by the 5-exo process, but not by the endo 
process. 
)z:-
qN-0-CO,Me 
O 100 
Scheme 26 
No product arising from hydrogen atom migration of the radical 99 could be detected 
either. This again is probably due to the lack of hydrogen substituents in positions close 
enough to the radical centre for the required transition state geometry to be 
accommodated. 
Subsequent hydrolysis of the cyclized methyl ester 97 was extremely difficult. 
Hydrolytic conditions, such as the use of potassium hydroxide or sodium bicarbonate in 
aqueous methanol, led to decomposition of the product. The non-hydrolytic method of 
choice as described by McMurry and Wong,244 namely treatment of the ester 97 with 
lithium iodide, N,N-dimethyl formamide (DMF), and sodium acetate, yielded only 
starting material and decomposition products. Because of this difficulty, the methyl ester 
96 was hydrolysed by treatment with potassium hydroxide in aqueous methanol in near 
quantitative yield to the acid 98 before the cyclization step. 
The cyclization was performed exactly as previously reported,233 with tributyltin hydride 
in refluxing benzene, to give the 6-carboxylic acid 85 in 67% yield. The structure of the 
cyclized product 85 was confirmed by NMR spectroscopy and mass spectrometry. The 
1 H NMR spectrum of this compound showed a distinct doublet of doublets at 8 6.04, 
due to the bridgehead proton between the lactam nitrogen and the thioether sulfur. No 
signal due to the t-butyl group was detected. The compound also exhibited an intense 
molecular ion at m/z 235 in the mass spectrum. 
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The radical cyclization was also carried out in the 
presence of an internal standard (2-methoxynapthalene) 
to ascertain whether the low yield of product was due 
to losses in the workup procedure. Analysis of 1 H 
NMR spectra of crude reaction mixtures containing the 
internal standard proved that the loss of product in the 
workup was negligible, and that the other major 
product was the product of direct reduction 101 . 
0 
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The original research by Munaweera233 on the synthesis of this ring system was 
undertaken on the ethyl ester, rather than the methyl ester. Repeating the original 
synthesis was considered necessary for comparison and full characterization of the 
synthetic intermediates. Hence in addition to completing the improved synthesis of the 
methyl ester 97 and the 6-carboxylic acid 85, the synthesis starting with the ethyl ester of 
p-aminobenzoic acid was carried out at the same time. This was achieved using identical 
methodology to that already described for the methyl ester, and the complete synthesis is 
shown in Scheme 27 overleaf. 
It was originally hoped that the methyl ester 97 would be more easily hydrolysed than the 
ethyl ester 78, as this difficulty had been encountered by Munaweera.233 However, as 
described earlier, the methyl ester 97 could not be successfully hydrolysed. 
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EtOH 
+ H+ + 
Br Br Br Br Br Br 
NH2 NH2 NH2 NH2 
87 88 102 52% 103 17% 
DMAP 
Zo(BH4), r-<O Br~ 
_z_n_c1_2 --- . ~N---c_;- CO,Et 
0 104 67% 0 105 
s Y-b-co,Er 
0 
106 43% overall 78 57% 
j KOH MeOH 
0 
98 79% 
Scheme 27 
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2.6 SYNTHESIS OF l,2,3,3A-TETRAHYDRO-l-OX0-
(1H)PYRROL0[2,1-B]BENZOTHIAZOLE-8-CARBOXYLIC 
ACID (84) AND 1,2,3,3A-TETRAHYDR0-1-0X0-
(1.H)PYRROL0[2,1-B]BENZOTHIAZOLE-7-CARBOXYLIC 
ACID (83) 
43 
Having developed a protocol whereby the 6-carboxylic acid 85 could be prepared in 
· acceptable yields, attention was turned to two other isomers, the 8-carboxylic acid 84 
and the 7-carboxylic acid 83. It was thought that an investigation of the biological 
activity of the three isomers would be relevant, since it is known that the free carboxylic 
acid is an essential structural component for the biological activity of penicillins.236·238 
The spatial arrangement of the carboxylic acid and lactam group in the penicillins is more 
closely mimicked by the isomers 84 and 83 than by the 6-carboxylic acid 85, hence it 
was hoped that the isomers 84 and 83 would display higher biological activity than the 
carboxylic acid 85. 
84 107 
Br H2N-q 
83 108 
Scheme 28 
As shown in Scheme 28, for the preparation of the 8-carboxylic acid 84 and the 7-
carboxylic acid 83, the methyl arninobromobenzoates 107 and 108 were required . 
Methyl bromoanthranilate 107 was prepared according to a procedure for the preparation 
of iodoanthranilic acid described by Newman and Logue,245 as shown in Scheme 29. 
In the first step of this synthesi chloral hydrate, hydroxylarnine hydrochloride and 
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o-bromoaniline 109 were heated in the presence of hydrochloric acid to give the 
isonitroso acetanilide 110 in 40% yield . Treatment of the acetanilide 110 with 
concentrated sulfuric acid gave a quantitative yield of the isatin 111 , which was then 
oxidatively cleaved by basic aqueous hydrogen peroxide to yield the bromoanthranilic 
acid 112 in quantitative yield. Conversion of the bromoanthranilic acid 112 to the 
methyl ester 107 could only be forced to completion by recovery and recycling of the 
starting material. In this manner, a near quantitative yield of the methyl ester 107 was 
obtained. 
V vrOH Cl3CCH(OH)i /2- NH20H.HCI NH2 N O 
Br HCI Br H 
109 110 40% 
0 Q(co,Me Q(C02H ~ MeOH ~ KOH / H20 
~ H+ ~ H20 2 
NH2 NH2 
0 
Br Br 
107 98% 112 99% 111 100% 
Scheme 29 
The preparation of the isomeric methyl arninobromobenzoate 108 is shown in Scheme 
30. Nitration of p -bromobenzoic acid 113 with a mixture of concentrated nitric and 
sulfuric acids246 to form 4-bromo-3-nitrobenzoic acid 114 proceeded in quantitative 
yield. However, reduction of the nitre group to the amine 115 was problematic. The 
method of Hartman et al. , 247•248 employing tin/ hydrochloric acid effected the reduction, 
but separation of the product from tin salts in the reaction mixture was extremely difficult. 
An alternative procedure involving the use of mercury / aluminium amalgam as the 
reducing agent, as described by Meij ,249 gave a small amount of the reduced material 
115 and some unidentified decomposition products. Conversion of the carboxylic acid 
114 into the methyl ester 116 was carried out to alleviate this problem. It was thought 
Chapter 2 45 
that esterification of the carboxylic acid would alter the solubility of the product thus 
allowing it to be separated more easily from the tin salts formed . However, even when 
the methyl ester 116 was used, reduction with tin and hydrochloric acid was still low 
yielding. An alternative procedure by Bellamy250 involving the use of tin(II) chloride in 
ethanol was next investigated. This gave a very clean reaction, forming the required 
amine 108 in 92% yield. 
Br 
113 
Sn/ HCI __________ .,.. 
Br 
114 95% 
MeOH 
C02Me 
SnCl2 
EtOH 
N02 
Br 
116 80% 
Scheme 30 
Br 
115 
Br 
108 92% 
With both starting amines available in quantity, synthesis of the two target acids was 
investigated, based on the methodology described for the synthesis of the 6-carboxylic 
acid 85. The reaction sequence shown in Scheme 31, starting from methyl 3-amino-4-
bromobenzoate 108 and finishing with the 7-carboxylic acid 83 , was completed 
satisfactorily . The yield for each conversion was similar to that for the corresponding 
reaction in the synthesis of the 6-carboxylic acid 85. 
Br 
108 
119 
jMeOH KOH 
120 
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Since the yield for cyclization of the bromide precursor 120 to the carboxylic acid 83 
was only moderate, the reaction conditions for this conversion were investigated further. 
A series of radical cyclization reactions were carried out, both with tributyltin hydride and 
tris(trimethylsilyl)silane under high dilution conditions. Reactions were carried out in 
both benzene (80°C) and toluene (110°C). All reactions were conducted in the presence 
of 2-methoxynapthalene as an internal standard. The results from I H NMR analysis are 
displayed in Table 2 below. 
The yields of the various products were determined by integration of the appropriate 
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signals detected in the 1 H NMR spectra of the crude reaction mixtures. The signal due to 
the three protons of the methoxy group in 2-methoxynapthalene at 8 3.86 were used as 
reference. The formation of three products was apparent in the crude spectra recorded. 
Two were easily assigned as the cyclized product 83, and the product of direct reduction 
121. 
The yield of the cyclized product 83 was determined by measurement of the integrated 
peak height of the signal at 8 5.99, due to the resonance of the bridgehead proton adjacent 
to the lactam nitrogen and the thioether sulfur. The product of direct reduction 121 
displayed a characteristic signal in the 1H NMR spectrum at 8 5.15 (similar to that 
present in the starting bromide 120) due to the resonance of the methine proton adjacent 
to the lactam nitrogen and sulfur. 
Yield 83 Yield 121 Yield 122 or 123 
% % % 
Bu3SnH / benzene 53 37 8 
Bu3SnH /toluene 47 0 53 
(Me3Sih SiH / benzene 43 65 0 
(Me3Si)3SiH / toluene 43 35 15 
Table 2 Product distributions for radical cyclization of the bromide 120. 
Evidence for the formation of a third product was present in the 1 H NMR spectra, and 
due to its similarity to the two expected products it is postulated that it is either the tin-
sulfur adduct 122, formed by attack of tributyltin radical on sulfur with displacement of 
the t-butyl group, or the corresponding silicon-sulfur adduct 123, formed in the reactions 
employing tris(trimethylsilyl)silane in tead of tributyltin hydride. 
CJ-q (Me3G:-Q . 
0 C02H 0 C02H 
121 122 123 
These compound were never i olated or fully characterized, but the crude spectral data 
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are consistent with this hypothesis. It is expected that reaction of either silyl or stannyl 
radical with sulfur would occur after reduction of the aromatic bromide rather than 
before, as the rate of radical abstraction of bromide is generally higher than that of 
sulfide.32•190 The amount of the adduct 122 present in reactions employing tributyltin 
hydride, and the adduct 123 present in reactions employing tris(trimethylsilyl)silane were 
estimated by integration of a signal at o 6.22 in the crude I H NMR spectra, assumed to 
be due in both cases to the methine proton adjacent to both the lactarn nitrogen and sulfur. 
From these results it was apparent that the optimal conditions for cyclization were the 
benzene and tributyltin hydride conditions used initially, and that negligible product was 
lost in workup or isolation. It is also apparent that direct reduction of the bromide 
precursor 120 can compete effectively with ring closure, even under high dilution 
conditions, implying that homolytic substitution at sulfur is not as fast in this example as 
in other reported cases. 161 It is possible that the additional constraints placed on the 
spatial position of the thioether substituent by its attachment to a lactam ring hinders its 
ability to achieve the necessary transition state geometry for 5-exo homolytic substitution 
to take place. 
In the synthesis of the 8-carboxylic acid 84, the formation of the succinimide 124 was 
straightforward, but its reduction to the hydroxylactam 125 proved problematic 
(Scheme 32) . When the succinimide 124 was treated with zinc borohydride and zinc 
chloride in diethyl ether as described previously, a mixture of products was formed, mass 
recovery from the reaction was poor, and the I H NMR spectrum of material isolated from 
the reaction showed the loss of the methyl ester function. It appeared that the problem 
was due to the proximity of the methyl ester to the intermediate anion 126, since these 
reduction conditions had led to the successful reduction of the other two isomers in the 
series. It seems possible that formation of the lactone 127 may be an alternative reaction 
pathway for this isomer, leading to the loss of the methyl ester function, as outlined in 
Scheme 32. However, the lactone 127 wa never isolated or detected, suggesting that 
if formed it undergoes further degradation during the course of the reaction. 
In the hope of trapping the intermediate anion 126 as soon as it was formed, a one pot 
reaction was conducted, with t-butyl mercaptan present as well as the other reagents 
needed to effect the reduction. Unfortunately the presence of the mercaptan made no 
difference to the outcome of the reaction, a none of the trapped product was detected. 
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Scheme 32 
Several further reduction methods were assessed. One procedure involving the use of 
magnesium perchlorate was of interest. Takehiko Goto et al. , 251 attempted many sodium 
borohydride reductions on a lactam similar to 124, with various solvents (methanol, 
ethanol, chloroform, acetonitrile) and different metal ions as complexing agents 
(magnesium, lithium, silver and zinc, all as their perchlorate salts). They discovered that 
the use of zinc ions (and also the use of zinc borohydride as the reducing agent) gave 
poorer yields of the reduction product than the corresponding reaction in the presence of 
magnesium ions . With these results in mind , we decided to use their optimum 
procedure, namely sodium borohydride and magnesium perchlorate in methanol / 
chloroform, on the original succinimide 91 as a model before applying it to the 
succinimide 124. Unfortunately , the mixture of products produced under these 
conditions was similar to those of the sodium borohydride reductions attempted earlier in 
this work, the major isolated compound being the ring opened product 93. This 
experiment suggested that pursuing this reduction method with the succinimide 124 
would prove troublesome. 
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As a last attempt at selective reduction of this system, the use of diisobutyl aluminium 
hydride (DIBAL-H)252 was investigated, as it was thought that the aluminium atom of 
the reducing species might complex the intermediate anion and prevent ring opening or 
attack of the anion on the nearby methyl ester. Although DIBAL-H was shown to 
successfully reduce the succinimide 91 to the hydroxylactam 92 in 39% yield (with 
significant amounts of starting material also isolated) in a model reaction, when used on 
the succinimide 124 it led to a complex mixture of products, with no evidence of 
formation of the desired intermediate. 
2.7 ALTERNATIVE APPROACHES TO 1,2,3,3A-TETRAHYDRO-1-
OXO-(1H)-PYRROLO[2,l-B]BENZOTHIAZOLE-8-
CARBOXYLIC ACID (84) 
In view of the difficulty encountered in the reduction of the succinimide 124, several 
completely different approaches to this target isomer were investigated. It was thought 
that the general reaction scheme could be retained if a different intermediate could be 
synthesized in place of the hydroxylactam 125. Such an intermediate would have to be 
similar in structure to the hydroxylactam 125, but possess an appropriate leaving group 
in place of the hydroxyl functionality . The first alternative investigated avoided the use of 
the hydroxylactam 125 intermediate by making use of the corresponding bromolactam. 
The proposal was to prepare the lactam 128 and treat this with N-bromosuccinimide 
(NBS) under radical conditions to selectively form the bromolactam 129. It was then 
proposed that the bromide could be nucleophilically displaced by the required mercaptan 
to give the radical precursor 130, as shown in Scheme 33. 
Br Br Br X GN-9 <N-9 ¢N:P 
0 C02Me 0 C02Me 
0 C02Me 
128 129 130 
Scheme 33 
To determine whether the bromination 
of N-substituted lactams would be 
selective enough for use in this 
synthetic sequence, several model 
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reactions were studied. Bromination of 131 
N-methyl pyrrolidinone 131 with N-
51 
NBS 
-------~ 
bromosuccinimide (NBS) under both thermolytic and photolytic conditions253-255 
resulted in mixtures of products. The appearance of many signals at 8 6.9 - 8.0 in the I H 
NMR spectrum of the crude reaction mixture, in addition to at least four signals around 
8 3.3 (due to the N-methyl protons) suggests that in addition to the formation of isomeric 
bromolactones, elimination of hydrogen bromide from the bromolactones, followed by 
rearrangement occurs to give compounds of the type 132 and 133. 
Me 
I (To 
132 
Me 
I (:ro 
133 
However, it seemed possible that the model compound used was not closely enough 
related to the target compound, so an N-aryl pyrrolidinone 135 was chosen as a "second 
generation" model. Initial attempts at formation of the desired pyrrolidinone from 
o-bromoaniline 109 and y-butyrolactone 134 by fusion at high temperatures256-258 with 
either DMAP or phosphoric acid as catalyst were unsuccessful (Scheme 34). 
Br 9'+ Go DMAP or H3P04 GN-0 ·-----------------.. NH2 
Br 0 0 
109 134 135 
Scheme 34 
However, a two step synthesis under milder conditions gave the required compound, as 
shown in Scheme 35. Condensation of y-chlorobutyryl chloride 136 with 
o-bromoaniline 109 gave the chloride 137 in 85% yield. This was then cyclized by 
treatment with potassium hydroxide in ethanol to give the required substituted 
pyrrolidinone 135 in 86% yield . 
~ Cl 
Cl II + 
0 
136 
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Bromination of N-(2-bromophenyl)pyrrolidin-2-one 135 by NBS 
under photolytic conditions255 gave at least four products, in 
addition to starting material. The 1 H NMR spectrum of the crude 
reaction mixture displayed evidence of both elimination of 
hydrogen bromide and isomerisation within the pyrrolidine ring. 
The reaction was then repeated under the same conditions, but 
t-butyl mercaptan was added immediately after the NBS had been 
consumed. It was hoped that the required bromide would then 
52 
0 
137 85% 
l KOH EtOH 
0 
135 86% 
138 
react with the mercaptan rather than undergoing elimination and rearrangement. In this 
case a small amount of the thioether 138 was detected, as well as the mixture of 
elimination and isomerisation products. Although this result was not synthetically useful, 
it showed that the nucleophilic displacement of bromide by t-butyl mercaptan was 
feasible. Unfortunately, the problem associated with the regioselective bromination 
were not solved. 
An alternative approach involved a complete restructuring of the original synthetic 
scheme. It wa thought that many step of the original scheme could be retained, as long 
as the ester functionality wa introduced towards the end of the sequence, instead of 
being present from the beginning. It was anticipated that an aromatic bromide would 
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present sufficient functionality for the subsequent conversion to the carboxylic acid. To 
this end, the synthetic sequence shown in Scheme 36 was investigated. The reaction of 
succinic anhydride and 2,6-dibromoaniline 139 was straightforward, producing the 
succinimide 140 in 72% yield, together with 17% of recovered starting material. 
Reduction of the succinimide 140 was attempted with both DIBAL-H and zinc 
borohydride etherate / zinc chloride etherate. Both methods of reduction were successful, 
although the reaction employing zinc borohydride etherate and zinc chloride etherate gave 
a less complex product, and provided the hydroxylactam 141 in slightly better yield. 
The success of this approach supports the view expressed above that the ester group 
becomes involved in the attempted reduction of the succinimide 124. The hydroxylactam 
141 was then treated with t-butyl mercaptan to give the radical precursor 142 in 68% 
yield over the two steps. 
DMAP ~N~ 
0 0 Br 
139 
1BuSH 
p-TSA 
142 68% overall 141 
Scheme 36 
The original intention was to convert the dibromide 142 into the Grignard reagent, and 
then to treat this with carbon dioxide a described by Snyder and Demuth259 to produce 
the carboxylic acid 143 (Scheme 37). However, formation of the Grignard reagent 
was not possible. Reactions carried out with either ether or THF as solvent, the use of 
activated magnesium (by heating it trongly with iodine or stirring it vigorously for 48 
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hours under argon260), and the addition of promoting agents such as iodine and 1,2-
dibromoethane were all unsuccessful. The inability to form the Grignard reagent from 
the dibromide 142 was probably due to steric effects, as the bromide is extremely 
hindered. Evidence for restricted rotation around the nitrogen-aryl bond can be seen in 
the 13C NMR spectrum of the dibromide 142, as the six aromatic carbon atoms are 
anisochronous. 
_______ ..,. 
142 
Scheme 37 
~ 
~N~ 
0 C02H 
143 
The conversion of the bromide 142 into the carboxylic acid 143 was then attempted by 
sequentially treating the bromide 142 with n-butyllithium261 •262 and carbon dioxide. 
Unfortunately, only starting material could be recovered. An analogous reaction was 
attempted, using s-butyl lithium and N,N,N',N'-tetramethylethylenediamine 
(TMEDA)263 instead of n-butyl lithium. A mixture of three products could be isolated 
from this reaction, but could not be purified further without decomposition. This mixture 
of products was treated with tributyltin hydride in refluxing benzene, in an attempt to 
cyclize the bromocarboxylic acid 143, if present. Unfortunately, no recognisable 
products could be isolated from the reaction mixture. 
Since the dibromide 142 was in hand but could not be converted into the acid 143, an 
attempt was made to cyclize it, as shown in Scheme 38. The cyclization was performed 
exactly as previously reported,233 with tributyltin hydride in refluxing benzene, and with 
2-methoxynapthalene present as an internal standard. The I H NMR spectrum of the 
crude reaction mixture showed that there was 54% conversion to the cyclized product 
144, with some of the starting material 142 and directly reduced product al o present. 
The cyclized product 144 was subsequently i olated in pure form in 35% yield. The I H 
NMR spectrum of this compound showed a signal due to the bridgehead proton adjacent 
to the lactam nitrogen and sulfur at 8 6.08 but the signal due to the t-butyl protons 
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(present in the starting material) was not observed. Three distinct aryl proton resonances 
were present at 8 6.98, 7.14 and 7.27 . The mass spectrum showed a characteristic 
bromine-containing molecular ion at m/z 271/269. 
Y-9 - - ---~ 
Br 
142 144 35% 84 
Scheme 38 
An attempt was made to convert the bromide 144 into the desired 8-carboxylic acid 84 
by sequential treatment with t-butyl lithium and carbon dioxide. It was thought that the 
lithiation would be more successful in this case than in the attempt made to lithiate the 
bromide 142, as the tricyclic bromide 144 should be much less sterically hindered. 
Unfortunately, all attempts to convert the bromide 144 to the acid 84 resulted in 
decomposition of the bromide. 
One further attempt was made to synthesise the 8-carboxylic acid 84. Similar to the route 
employing the intermediate bromolactam 129, this route varied from the original route by 
avoiding the use of the hydroxylactam intermediate 125 and instead made use of a 
benzoy loxy lac tam. 
129 125 
This route was investigated because it is known that the benzoyloxy group can be 
introduced regioselectively into a lactam ring by radical methods .264 To begin this 
synthesis the appropriate lactam was needed, and this was synthesised in much the same 
way as the N-aryl pyrrolidinone 135 , described earlier. Thus, as shown in Scheme 
39, methyl bromoanthranilate 107 wa treated with y-chlorobutyryl chloride 136 and 
potassium carbonate in ether to afford the chloride 145 in 93% yield. This was then 
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cyclized by treatment with potassium hydroxide in ethanol at room temperature for one 
hour. Unfortunately, these conditions also led to the hydrolysis of the methyl ester, 
resulting in the recovery of the cyclized free acid 146 in 73% yield. This acid was then 
re-methylated to afford the methyl ester 128 in 83% yield, with the recovery of 11 % 
unchanged acid. 
C02Me 
~ Cl 
Cl II 
0 
+ /2- __ E_t_20 _ 
NH2 K2C03 
Br 
136 
107 145 93% 
j:.~: 
MeOH GN~ 
0 C02H 
128 83% 146 73% 
Scheme 39 
When this synthesis was repeated, several changes were made. y-Chlorobutyryl chloride 
136 was treated with the free bromoanthranilic acid 112, rather than with the methyl 
bromoanthranilate 107. The free acid was used because the methyl ester used previously 
hydrolysed to the free acid in the following cyclization to the lactam 146. However, the 
use of the original conditions, namely treatment of bromoanthranilic acid 112 with y-
chlorobutyry l chloride 136 and potassium carbonate in ether (or THF) proved 
unsatisfactory, with all of the starting material recoverable after 72 hours. The use of 
triethylamine as the base instead of potassium carbonate made a small improvement, but 
the reaction was still not synthetically useful. Pyridine was the next base considered. It 
was thought that the advantages of pyridine would be twofold. As well as being a 
stronger base, it would also be acylated by y-chlorobutyryl chloride 136 to afford a more 
reactive acyl species. This approach proved to be successful. 
In this synthesis, shown in Scheme 40, two of the intermediates, 147 and 146, were 
Chapter 2 57 
free carboxylic acids, and as such they were difficult to purify. Hence the reaction 
sequence was carried out with isolation of the intermediate at each step, but without 
purification until the last step where the intermediate was methylated. Thus, the 
bromoanthranilic acid 112 was treated with y-chlorobutyryl chloride 136 and pyridine in 
THF to afford the chloride 147. This chloride was then treated with potassium 
hydroxide in ethanol at room temperature for one hour, affording the cyclized free acid 
146. This was methylated as described previously to afford the methyl ester 128 in 
quantitative yield over the three steps. 
~Cl 
Cl II 
0 
136 
Py 
THF 
112 
MeOH 
0 C02Me 
128 100% overall 
Scheme 40 
~!~ 
0 C02H 
147 ]!~: 
GN~ 
0 C02H 
146 
The conversion of the lactam 128 into the benzoate derivative 148 (effectively a 
replacement for the hydroxylactam intermediate 125) proved to be more difficult than 
anticipated (Scheme 41). 
GN~ 
0 C02Me 
128 
Scheme 41 
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Preliminary work265 (Scheme 42) showed that the benzyloxy group could be 
introduced into the simpler system 149 to give the benzoate 150 in 75% yield. 
149 150 75% 
Scheme 42 
This was achieved by treating the lactam 149 with t-butyl peroxybenzoate and a catalytic 
amount of copper(!) chloride in benzene. 264 This reaction proceeds by a radical 
mechanism. Copper(!) ions react with t-butyl peroxybenzoate to generate t-butoxy 
radical and copper(II) benzoate. The t-butoxy radical then abstracts hydrogen from the 
substrate RH to generate a substrate radical R• and t-butanol. The substrate radical can 
then react with copper(II) benzoate to regenerate copper(!) ions and the product benzoate. 
The major side reaction occurring in this system is due to the unimolecular decomposition 
of t-butoxy radical to acetone and methyl radical. Methyl radical can also react with 
copper(II) benzoate to regenerate copper(!) ions and methyl benzoate. Methyl benzoate is 
always isolated as a by-product from these reactions. 
1Bu02COPh + Cu
1 ~ 1Bu0• + Cu110COPh 
1Bu0• + RH ~ R• + 1Bu0H 
R• + Cu110C0Ph ~ ROCOPh + Cu1 
1Bu0• ~ acetone + Me• 
Me• + Cu110COPh ~ MeOCOPh + Cu1 
This procedure was then applied to the lactam 128. Use of the conditions outlined above 
gave none of the desired product, and most of the starting material was recovered . 
Modification of the procedure to achieve higher dilution conditions, i.e. , via slow 
addition of a solution of the t-butyl peroxybenzoate in benzene to a refluxing solution of 
the lactam and a catalytic amount of copper(!) chloride in benzene, was more successful. 
The benzoate 148 was isolated in 38% yield , with recovery of 58% of the starting 
material. Other variants were also attempted with the aim of improving the yield. The 
first modification was to add a catalytic amount of ferrocene to the reaction mixture, to 
facilitate the copper(!) to copper(II) interconversion. However, this had little effect. 
Neither multiple additions of !-butyl peroxybenzoate, or slow additions of very large 
excesses oft-butyl peroxybenzoate led to increa ed yields of the desired product. 
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It was thought that the catalytic amount of copper ions in the reaction mixture could be 
rendered inactive by complexation to either the lactam substrate 128 or the product 148, 
since both molecules possess nitrogen and oxygen donors in positions suitable for 
bidentate complexation of metal ions. Hence an experiment was undertaken in which 
multiple additions of copper(!) chloride were made during the course of a reaction . 
Unfortunately this had no effect on the yield of the reaction. 
Large amounts of methyl benzoate were always isolated from these reactions . Obviously 
the abstraction of hydrogen from the lactam by the t-butoxy radical was substantially 
slower than the decomposition of the t-butoxy radical itself in all of the reaction variants 
attempted. This difficulty in abstracting hydrogen from the lactam is probably due to 
steric effects. The two ortho substituents on the aromatic ring force the two rings of the 
molecule to adopt a perpendicular relationship, consequently the lactam ring is relatively 
. 
hindered. This is also evidenced by the problems encountered earlier in these syntheses 
when trying to carry out various reactions a- to nitrogen in this series of molecules. 
In the hope of altering the rate of the decompo ition of the t-butoxy radical with respect to 
the rate of hydrogen abstraction from the lactam, the reaction was carried out at both 
110°C (in toluene instead of benzene) and at 40°C (in benzene, with the addition of 
t-butyl hyponitrite as a low temperature radical initiator) . Neither of these changes 
improved the yield of the desired product. In the light of these unsuccessful variants, the 
optimal procedure was to make use of the high dilution reaction conditions described 
earlier as the first modification of the literature procedure.264 By recycling of the starting 
material recovered from each reaction, enough of the benzoate 148 was prepared to 
continue with the reaction scheme. The 1H NMR spectrum of the benzoate 148 
displayed a characteristic signal at o 6.80 due to the resonance of the methine proton 
adjacent to the lactam nitrogen and the benzoyloxy group. Resonances due to both the 
benzoyloxy group and the substituted benzoic acid were also observed. Due to restricted 
rotation about the aryl-nitrogen bond, the product was present as two sets of 
atropisomers, evidenced by the multiplicity of signals in the 13C NMR spectrum. It 
displayed a protonated molecular ion in the chemical ionisation mass spectrum at m/z 
420/418, and ions due to the loss of bromine at m/z 338, and loss of benzoyl at m/z 314 
in the electron impact mass spectrum. 
The crystalline benzoate 148 was treated with t-butyl mercaptan and a catalytic amount of 
p-toluenesulfonic acid in dichloromethane233 to afford the thioether 130 in quantitative 
yield . This was then hydrolysed by treatment with potassium hydroxide in aqueou 
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methanol to give the free acid 143 in 83% yield. Both the methyl ester 130 and the free 
acid 143 were cyclized with tributyltin hydride in refluxing benzene233 to give the 
tricyclic methyl ester 151 and the required 8-carboxylic acid 84 in 88 and 35% yields, 
respectively. Both products showed the characteristic bridgehead proton resonance at 
8 6.18 in their 1 H NMR spectra, and gave intense molecular ions at m/z 249 and 235 
respectively in their mass spectra. The completion of this reaction sequence is shown in 
Scheme 43 below. 
128 
X 
S Br GN-0 
0 C02H 
143 83% 
I B" 3SoH 
Y'~ 
C02H 
84 35% 
MeOH 
KOH 
Scheme 43 
148 
j p-TSA 1BuSH 
0 C02Me 
38% 
130 100% 
l B"3SoH 
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2.8 BIOLOGICAL TESTING OF SYNTHETIC y-LACTAMS 
The synthesis of the three y-lactam isomers 85, 83 and 84 having being completed, 
biological testing of these compounds was undertaken. 
The P-lactam antibiotics are thought to exert their antibacterial activity by affecting steps 
in the synthesis of the peptidoglycan component of cell walls,266•267 a molecular 
component essential to the stability of the cell and the mechanical strength of the cell wall 
in most procaryotes (bacteria and blue-green algae). However, mammalian cells 
(eucaryotic cells) have no comparable structure, which explains the selective toxicity of 
the P-lactams towards bacteria. 
The procaryotes can be separated into three major divisions, based on the nature of the 
cell wall. Mycoplasma do not synthesize a cell wall , the cell membrane serving as .the 
outer bounding layer. Gram-positive bacteria synthesize a monolayered cell wall , of 
between 20 and 80nm thickness. Usual_ly 50-80% of the wall weight is a peptidoglycan 
component, hence these bacteria are seriously inhibited by P-lactam antibiotics. Gram-
negative bacteria synthesize a cell wall composed of at least two structurally distinct 
layers, each considerably thinner than those of the Gram-positive bacteria. Peptidoglycan 
components of the cell wall amount to only 1-10% of the wall weight, and are confined to 
the innermost wall. The outer wall constitutes a significant permeability barrier for P-
lactam antibiotics, hence growth of these bacteria shows little inhibition by such 
compounds. 
All of the testing described in this section was carried out by Mrs Margot Anderson of the 
Research School of Chemistry, Australian National University. 
The three y-lactams shown above were tested against four organisms - Bacillus subtilis 
(a Gram-positive bacterium), Streptomyces aureofaciens (a Gram-positive bacterium), 
Escherichia coli (a Gram-negative bacterium) and Saccharomyces carlsbergensis (a 
yeast). Each of these were grown on 10ml of nutrient agar medium per petri dish. The 
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three y-lactams were prepared as solutions in methanol, and volumes corresponding to 
200µg of each compound were loaded onto sterile discs (0.25 inch in diameter). These 
discs were then placed in the petri dishes containing the nutrient medium and the 
organisms. A semisynthetic ~-lactam antibiotic amoxycillin266 was used as a standard, at 
a concentration of 2µg per disc. A blank disc was run with methanol, the solvent used 
to make up the test solutions. The organisms were incubated at 28°C for 24 hand then 
checked for inhibition. 
In a typical example, the growth of the test organisms opacifies the nutrient medium, 
which is originally clear. Any inhibition caused by the test compounds is characterized 
by a clear zone around the disc, where the organisms cannot grow. If the amount of test 
compounds loaded onto the discs is constant, the radius of the clear zones can be 
considered a reflection of the magnitude of the inhibitory activity of the compound used 
(against that particular organism). 
Factors such as viscosity of the medium, and solubility and diffusion coefficient of the 
compounds in question ·nfluence the radius of the clear zones . However, the above 
assumption may be applied to a set of compounds with similar structural features and 
molecular weights, such as the three isomers tested in this experiment. 
All of the compounds tested showed slight activity against the two Gram-positive 
bacteria, Bacillus subtilis and Streptomyces aureofaciens, as expected, and none against 
Escherichia coli and Saccharomyces carlsbergensis. Munaweera233 previously tested 
washings known to contain tin residues against the organisms used in this experiment, 
and found slight activity against Saccharomyces carlsbergensis as well as the two Gram-
positive bacteria. In this experiment, the fact that only one of the test solutions showed 
slight inhibition against Saccharomyces carlsbergensis is significant, as it implies that if 
tin residues are present as impurities in the tested y-lactams, their concentrations are so 
low as to be negligible. Hence the activity seen against the Gram-positive bacteria is due 
largely to the effect of the y-lactam compounds tested and not to small amounts of other 
cytotoxic compounds present as impurities. 
Unfortunately, the activity displayed by these compounds is very slight. Amoxycillin, 
present at a loading of 2µg per disc, gave a 6mm inhibition zone for Bacillus subtilis, 
whereas the y-lactams, present at a loading of 200µg per disc, only gave inhibition zones 
of 2-3mm against the same bacterium. Hence the minimum inhibitory concentration of 
these compounds would be much higher than that of amoxycillin. Also, no significant 
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variance in the activity of the three y-lactams (with respect to each other) could be seen 
against any of the test organisms. 
2. 9 CONCLUDING REMARKS 
The synthesis of a y-lactam antibiotic analogue, with the pivotal step of the synthetic 
sequence involving the attack of a carbon-centred radical at sulfur, has been completed 
and several steps of the synthetic sequence were substantially improved. The synthesis 
of two isomeric y-lactams were undertaken by the same methodology. One isomer 
proved remarkably difficult to prepare, and several approaches to the required radical 
precursor were explored before the synthesis was successfully completed. The 
biomimetic radical cyclization step was thoroughly investigated, and conditions were 
optimised for formation of the tricyclic product. Homolytic substitution was observed to 
proceed in 5-exo fashion as expected, leading to the des~ed product, but products arising 
from direct reduction of the bromide precursor, and also due to silyl radical or stannyl 
radical attack on sulfur, were also observed. The appearance of these other products 
implies that the radical cyclization is rather slow, and that the transition state geometry 
required for homolytic substitution at sulfur may be difficult to achieve in this system, 
due to the constraints imposed by the rest of the molecular skeleton. 
These syntheses can be considered biomimetic syntheses of the penam series, the 
successful completion of which shows that intramolecular homolytic substitution 
reactions can be useful in the formation of small heteroatom-containing rings . Further, 
the success of these syntheses demonstrates that the proposed radical ring closure in the 
biosynthesis of penicillin is chemically feasible. 
The three y-lactams were tested for biological activity against a range of microorganisms, 
and were found to show very slight activity against Gram-positive bacteria. The limited 
biological activity of these compounds is probably due largely to the diminished reactivity 
of the y-lactam compared to the P-lactam ring system. The more active antibiotics have 
been shown to have a P-lactam ring with a shorter carbonyl bond, a longer amide carbon-
nitrogen bond, and a more pyramidal nitrogen at the junction of the rings.268-271 
Extensions of this work into the synthesis of related P-lactam compounds via the radical 
cyclization methodology investigated in this chapter could conceivably provide a short 
route to biologically active P-lactam antibiotics. 
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CHAPTER 3 : RADICAL APPROACHES TO 
MACROCYCLES. STUDIES TOWARDS 
CROWN ETHERS AND CROWN LACTONES 
3 .1 INTRODUCTION TO MACROCYCLIC SYSTEMS 
As described in Section 1.2, quite large rings have been synthesized by intramolecular 
radical addition onto an unsaturated bond, as illustrated by the synthesis of muscone by 
Porter et al., 140 and by other radical cyclizations described by Porter et al. , 143•192 and 
Pattenden et al. 144 However, the synthesis of large rings by radical cyclization is quite a 
recent development, and currently represents only a very small part of the total research 
effort in the area of macrocyclic chemistry. 
The research outlined later in this chapter and in Chapter 4 deals with the synthesis and 
study of monocyclic compounds containing only oxygen donor atoms, so in the interest 
of brevity the discussion here will be limited to crown ethers and analogous compounds. 
In addition, the fields of macrocyclic chemistry , macropolycyclic chemistry, host-guest 
chemistry , supramolecular chemistry and their applications represent an enormous 
combined research effort, particularly over the last 20 years, and a complete overview of 
them all is beyond the scope of this chapter. Several excellent reviews are available on 
these topics. 212-28 1 
Coordination compounds containing macrocyclic ligands have been known since the 
beginning of thi s century, but until more recently the number and structural variety of 
these compounds has been limited. Complexes of porphyrins , corrins and 
phthalocyanines had been investigated,282-285 and the nitrogen macrocycles had been 
studied for decades prior to 1967, 286 when crown ethers were first reported in the 
literature. Ltittringhaus was a pioneer in the field of macrocyclic chemistry, publishing 
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several syntheses of oxygen contammg macrocycles in the 1930's. 287-290 These 
macrocycles were of several types, typified by compounds 152 and 153 below. 
152 
153 
However, Ltittringhaus is not widely credited for his contribution, as he did not 
recognise the potential of these compounds to act as complexing agents. 
Polyethers and macrocyclic polyethers such as 12-
crown-4 155 were also obtained from the 
cycloligomerization of ethylene oxide 15 4 
(Scheme 44) in the 1950's, as described in a 
British patent by Stewart, Waddan and 
Borrows . 291 However, this type of synthesis is 
rather limited in scope. 
0 
Ll 
154 
I\ ( 0) 
0 0 
\__/ 
155 
Scheme 44 
In 1967 a series of macrocyclic compounds which have the ability to function as 
complexing agents were reported by Pedersen,292•293 who described the synthesis of a 
number of cyclic polyethers of varying ring sizes and with several substituent groups. 
Pedersen then continued this pioneering work by attempting to prepare more crown 
ethers, in order to appreciate the limits of possible ring sizes, heteroatom types and 
placement, and other features . He also investigated the complexing abilities of these 
novel macrocycles . 294-298 Due to these efforts Pedersen is widely recognised as the 
father of macrocyclic chemistry. 
Some comment should be made about common structural elements of crown compounds. 
In principle, nearly any structural unit could be included in a macrocycle. However, 
historically they have been built largely upon the ethyleneoxy unit 156. There are several 
reasons for the preference for the ethyleneoxy unit 156 over similar units such as the 
methyleneoxy unit 157 and the propyleneoxy unit 158. 
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156 157 158 
The simplest possible donor containing subunit is the methyleneoxy unit 157. An 
advantage of this unit is that it puts the highest possible density of donor groups in a ring. 
However, it is acid labile, posing several disadvantages to its use in both the synthesis of 
macrocycles and their further applications. An alternative is the propyleneoxy unit 158, 
which is not subject to acid hydrolysis. However, in addition to creating a lower density 
of donor groups in the ring, the propyleneoxy unit 158 prefers to adopt an extended or 
anti conformation. 277 As a result , the donor atoms in the ring are separated by a 
sterically hindering methylene group. Since the optimal complexation of ions occurs 
when the donor positions are convergent, major conformational changes of the 
macrocycle skeleton are necessary for ion complexat~on in these types of systems, which 
make binding less energetically favourable . 
There are several important reasons why the ethyleneoxy unit 156 is favoured over other 
structural units for macrocyclic polyethers. It is flexible and relatively strain free, and can 
readily adopt the skew or gauche conformation (as opposed to the more 
thermodynamically stable anti arrangement) that permits convergent alignment of the 
oxygen lone pairs for efficient complexation.277 Further, the ethyleneoxy unit 156 is not 
acid labile, and its use provides quite a high density of donor atoms in a ring . The 
ethyleneoxy unit and its precursors are also readily available, as they are common 
industrial chemicals, formed by the ring opening of ethylene oxide. 
0 
'--------
0 
anti 
0 0 
\_/ 
skew / gauche 
The 1,2-phenylenedioxy unit 159 is nearly equivalent in the structural 
sense to the ethyleneoxy unit in macrocycles. Its presence often 
simplifies syntheses, since phenoxide ions are easily generated and are 
quite nucleophilic. Further, the aromatic ring adds rigidity to the 159 
macrocycle and this often enhance crystallinity. Although the fixed position of the 
oxygen donors on the aromatic ring enhances the likelihood of a convergent arrangement 
of donor atoms in the macrocycle, the two oxygen atoms are conjugated to the aromatic 
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ring, and their electron pairs are therefore less available for binding to a cation situated 
within the macrocyclic ring than those of the corresponding ethyleneoxy unit. 
3.2 APPLICATIONS OF MACROCYCLE CHEMISTRY 
The applications of macrocycles to chemical processes are many and varied. Early 
interest in these compounds was due to their complexation characteristics, particularly 
towards the alkali and alkaline earth metal ions. 292•293 It became possible to use 
inorganic salts such as potassium hydroxide and potassium permanganate in hydrocarbon 
solvents, as the presence of an appropriate crown ether in solution rendered them soluble 
by solvating the cation.299-301 Macrocycles can be used to similar effect in two phase 
systems, acting as phase-transfer agents. 302 
The ability of crown ethers to enhance the rate or alter the course of a given reaction by 
solvating cations is important. Potassium t-butoxide, for example, exists in aggregation 
states ranging up to about eight units per cluster depending on the polarity of the 
solvent. 303 Thus in the absence of a crown ether or other solvating agent, it acts as a 
large and bulky complex base. When solvated by a crown ether it exists as a separate ion 
pair, and behaves quite differently.303,304 
An early goal in crown ether chemistry was to determine whether a macrocycle's inherent 
cation binding ability could be altered between two or more states by an external 
switching mechanism, such as by a change of pH, temperature, oxidation, reduction, or 
by photolysis. Another goal was to see if crown ethers could themselves indicate 
complexation by the change in some measurable property upon complexation, and hence 
be used to detect cations. 
Research in these directions has led to the development of macrocycles with a wide array 
of properties, and a large number of practical uses. For example, in : 
1 . Analytical chemistry, with the development of new ion sensitive electrodes. 
2. Separation chemistry, with crown ethers bound to solid supports and used 
for the chromatographic eparation of alkali and alkaline earth metal salts, 
amino acid derivatives and other polar organic compounds. 
3. Enzyme modelling, where studies on complexes of artificial polyether 
macrocycles have contributed greatly to the development of the concept of 
molecular recognition. 
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4. Guest selective colour complexation, where the complexation of a metal ion 
by a macrocycle leads to a colour change, the colour dependent on the metal 
ion. This again leads to numerous applications in analytical chemistry. 
5. Dynamic cation binding via a switching process, leading to macrocycles with 
ion transport capabilities. 
Research is continuing in these areas276•277•279 and others, as more applications of these 
compounds are realised. 
3. 3 OVERVIEW OF MACR0CYCLE SYNTHESIS 
Several factors need to be taken into account when synthesizing large rings. Ring strain 
is an important consideration when making small rings (less than 6 atoms), and for ring 
sizes from 8 to 11 atoms. However, for rings larger than 14 atoms, ring strain becomes 
insignificant, and thus is not of concern. However; although ring strain decreases for 
larger rings, entropic factors increase. Internal entropy of the acyclic precursor rises as 
the length of the chain becomes longer. Because of the flexibility of chains and the large 
number of possible conformations with increasing chain length of the acyclic precursor, 
the probability of intramolecular reaction of the two chain ends (leading to cyclization) 
decreases as chain length increases. All cyclizations are entropically unfavourable, but 
the cyclization of large rings is more unfavourable than that of small rings. 
Hence, in the formation of large rings, enthalpic terms due to steric requirements for 
cyclization, ring strain and transannular interactions are of lesser importance than entropic 
terms, such as changes in the degrees of rotational freedom upon cyclization, and the 
probability that the two reactive chain ends are in proximity for cyclization to occur. This 
is in direct contrast to the requirements for the cyclization of smaller rings, where 
enthalpic terms are usually of more con equence than entropic term . 
Decrease in internal entropy of the macrocycle precursor should therefore favour 
macrocyclic ring closure, hence the concept of incorporating rigid groups into the chain in 
order to increase the probability of intramolecular reaction between the chain ends. This 
principle was originally propo ed by Baker et al., 305 and later expanded by Ziegler. 306 
A more quantitative study has recently been carried out by Mandolini et al. 307 They 
found that although the effect can operate in the formation of medium sized rings, the 
experimental evidence available for large ring was extremely sparse. They studied the 
kinetics of base-induced formation of macrocyclic diethers from the mono-12-
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bromododecyl ethers of catechol 160, resorcinol 161 , hydroquinone 162, 
2,7-dihydroxynapthalene 163 and 1,5-dihydroxynapthalene 164. 
160 161 
163 OH 
OH 
162 
164 
It was found that the ease of ring closure of these compounds is largely independent of 
the geometry and size of the rigid moiety of the reacting molecule, and they concluded 
that the operation of the rigid group effect on large ring formation is negligible. 
Since 0, S and NH groups are less bulky than methylene groups, the presence of these 
heteroatoms decreases the likelihood of transannular interactions. Hence, the presence of 
heteroatoms favours formation of rings in which transannular interactions are 
high. 3os,3o9 However, the presence of heteroatoms makes little difference to the 
cyclization of large rings (> 15 membered), since transannular interactions are small or 
non-existent in these systems. 
There are many procedures in the literature describing the synthesis of macrocyclic ligand 
compounds. However, these can be broadly divided into two major categories. The first 
of these are the "direct" syntheses in which the cyclization proceeds by a conventional 
organic reaction and does not depend on the directing influence of a metal ion. The 
second category contains reactions in which the generation of a cyclic product is 
influenced by a metal ion - this acts as a "template" for the cyclization reaction. 
A priority in both procedure is to maximise the yield of the cyclic product by the choice 
of conditions which inhibit competing intermolecular polymerisation and other reactions. 
Polymeric materials are often the major products formed when macrocyclic syntheses are 
attempted under inappropriate condition . 
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Several ways of constructing macrocycles can be envisaged:-
! . Simple cyclization. 
c: Cl 
2. Cyclization in conjugation with another molecule (capping). 
3 . Condensation of two or more either identical or different units. 
CA-B) C-D 
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The synthesis of macrocyclic polyethers has been dominated since the seminal work of 
Pedersen by the use of the Williamson ether synthesis,294 usually in a condensation of 
two units, as shown in reaction type 3 above. The most common method of crown ether 
formation is the reaction of a diol unit with a polyethylene glycol unit possessing leaving 
groups at each end. This approach is demonstrated by the preponderance of examples in 
the literature by Pedersen292·293 and Kyba et al. 310•3 11 The diol is usually treated with a 
base to form the dialkoxide (or phenoxide), which then reacts with a polyethylene glycol 
possessing appropriate leaving groups. Common bases have included sodium hydroxide 
(in t-butanol),294 potassium t-butoxide (in t-butanol or THF)312 and sodium hydride (in 
THF or DMF).313 The most common leaving groups are chloride, to ylate and mesylate. 
The least expensive leaving group is chloride, and this is used in most industrial crown 
ether syntheses. Alkyl chlorides also have the advantage of being distillable in many 
ca es. However, tosylates are often easier to prepare from the corresponding alcohols 
and are often crystalline, whereas the chlorides rarely are. Tosylates have proven to be 
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the most popular leaving group in research laboratories for these syntheses. An example 
of this approach is provided by the synthesis of 18-crown-6 167 in Scheme 45. This 
is commonly prepared from triethylene glycol 165 and the ditosylate of triethylene glycol 
166, by reaction with potassium t-butoxide in THF.312 
("oH Ts07 ("07 
( 0) 1Bu0K ( 0) THF 
0 0 0 0 
~OH TsO~ ~o~ 
165 166 167 30-60% 
Scheme 45 
The synthesis of macrocyclic lactone analogues of crown ethers was pioneered by 
Bradshaw et al. , 3 14-328 in his efforts to create a synthetic analogue of antibiotic 
macrocyclic lactones. One basic approach has been utilized in most of these synt~eses. 
This involves simultaneous slow addition of separate benzene solutions of a diacyl halide 
and a diol to an additional volume of benzene at 45-60°C. For example, in Scheme 46, 
the reaction of 3,4-dimethoxy-2,5-furandicarbonylchloride 168 with tetraethylene glycol 
169 gave the diester 170 as white needles in 67% yield. It was shown in the same study 
that many other functional groups are tolerated by this method. 
MeO 
0 0 
( 0) 
0 0 
+ ~o~ 
/\~~~ 
HO O O O OH 170 67% 
169 
Scheme 46 
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3. 4 THE DILUTION PRINCIPLE AND THE TEMPLATE EFFECT 
As mentioned in the preceding section, the intention in a macrocycle synthesis is to 
maximise the yield of the cyclic product by the choice of conditions which inhibit 
competing linear polymerisation and other reactions. One of the major techniques for 
achieving this is to carry out reactions at high dilution. This concept was first formulated 
and applied in 1912 by Ruggli in the formation of macrocyclic amides.329-331 Initially 
reactions were carried out in large volumes of solvent, but now more commonly one or 
more of the reactants are added to the reaction mixture at a very slow rate. This ensures 
that the concentration of unreacted reagents in solution at any given time is very small 
(assuming consumption of the added reagent is as fast or faster than its addition). Such 
dilute conditions favour the occurrence of intramolecular reactions over intermolecular 
reactions, as intramolecular reactions are necessarily first order (rate being proportional to 
concentration of reagent), whereas intermolecular reactions are second order (rate being 
proportional to the product of both reagent concentrations). Hence, although the high 
dilution method does not increase the rate of intramolecular reaction, it favours it over 
intermolecular reaction. The method of high dilution was developed and widely used by 
Ziegler and Li.ittringhaus. 306 An obvious disadvantage of the dilution principle is the 
large amounts of solvent required, or alternatively, the long reaction time necessary for 
slow addition of reagents. Alternative methods have now been developed to keep the 
effective concentration of reacting species low. 
A dilution effect can be achieved by using a multiple phase system. 332-337 If a 
component with low solubility in a particular solvent is used, it dissolves gradually as it 
is consumed in the reaction and its stationary solution concentration is kept low. Similar 
results can be obtained using phase transfer catalysts in liquid-liquid two-phase systems, 
or multiple phase systems incorporating one of the reagents bound on a polymer support. 
High pressure syntheses can also create "high dilution" conditions.338-341 Application of 
high pressure raises the viscosity of the reaction solvent, with the result that reagents are 
immobilised in solution, favouring intramolecular reaction. 
The template effect342•343 has also been widely utilized in the synthesis of macrocycles to 
favour intramolecular cyclization over other reactions. It i thought that since there is an 
interaction between the donor groups of the acyclic precursor and a complexing agent 
such as a metal ion, the presence of the metal in the reaction results in the ligand "pre-
organising" around it. This is likely to happen in such a way as to bring the two ends of 
the molecule into closer proximity, thus enhancing the likelihood of intramolecular 
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reaction. The exact role of the metal ion in a given reaction may well be quite complex. 
For example, it may act by shifting the equilibrium of a reaction towards a metal-complex 
product, by directing the course of a reaction sterically, or even by masking or activating 
individual functional groups in the molecule. In relation to this, several types of template 
effect are recorded in the literature. A reaction is said to proceed by a kinetic template 
effect344-346 if it provides a route to the product where the metal ion acts by coordinating 
the reactants, imposing a conformation that promotes a particular reaction. This is also 
referred to as a coordination template effect. Reactions proceeding by the thermodynamic 
template effect347 are ones where the metal promotes the formation of the macrocycle by 
removing it from the equilibrium as a macrocycle-metal complex. The equilibrium 
template effect346 is also mentioned in the literature and is said to be a combination of the 
two previous effects. A detailed understanding of the template effect is still to be 
achieved. However, the fact that the effect is real and can substantially enhance the yields 
of certain macrocyclization reactions is undisputed. 
The first suggestion of and evidence for a template effect in the literature was presented 
by Greene in 1972.31 2 Work by Reinhoudt et al.,313•348•349 Mandolini and Masci,350 
and others343•351 -354 established further evidence for the operation of the template effect. 
Reinhoudt et al., 313 showed product distribution dependence on metal atom size in the 
example shown below in Scheme 47. They studied a number of reactions of 1;2-
bis(bromomethyl)benzene 171 with various polyethylene glycol dialkoxides 172 and 
found that the yield of the macrocycle 173 was greatly dependent on the combination of 
cation present, and chain length of the particular glycol used. However, the bases 
employed (sodium hydride and potassium t-butoxide) were different, making the reaction 
conditions slightly different in each case, and hence the comparison is not strictly 
rigorous. 
Mandolini and Masci350 showed rate enhancement in ome metal-mediated cyclization 
reactions, and demonstrated interactions between non-cyclic polyethers and metal ions. 
Assuming that a pseudo-crown conformation is adopted by the reactant in the presence of 
a templating metal ion, Mandolini and Masci rationalised that it should be possible to 
correlate observed template-assisted cyclization rate constants with known cation binding 
constants for these species. The expected correlation was observed between 18-crown-6 
and alkali metal ions. The observed rates are in the order Li+ <Et4N+ <Na+ <K+ <Sr+ <Ba+. 
The observed cation binding constants in water are in the order Na+ <K+ <Sr+ <Ba+ with 
constants for Li+ and Et4N+ not available. 355 
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Br~Br 
171 
base 
_A_ 
0 0 
to~J 
n 
173 
n Na+ (in NaH) K+ (in 1BuOK) 
0 3% 0% 
I 13% 11 % 
2 48% 30% 
3 34% 63% 
4 32% 60% 
5 28% 47% 
6 22% 36% 
Scheme 47 
Newkome et al. , 356 have also demonstrated the operation of a template effect in the 
formation of a pyridoester crown 176 (Scheme 48). In this experiment, 2-
chloronicotinoyl chloride 174 was treated with either the disodium or dipotassium salt of 
pentaethylene glycol 175. The two reactions were conducted under identical conditions 
except for the difference in metal ions. Since the product is a 6-oxygen, 19-membered 
macrocycle 176, its formation would be expected to be favoured by K+ rather than Na+ 
counter ions for the glycolate. The yields of the crown lactone 176 were 30% and 48% 
respectively when Na+ and K+ were the templating cations. 
Chapter 3 
0 CCCI 
N Cl 
174 
+ 
M+ -["(V/\- M 
4 
175 
Scheme 48 
3. 5 RADICAL MACROCYCLIZATIONS 
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Although free radical cyclizations are used commonly in the construction of 5 and 6 
membered rings, they have not been used nearly as often for the synthesis of larger rings. 
Examples of free radical macrocyclization have only been appearing in the literature over 
the last 10 years. Much of this is due to the work of Porter et al. 140•142•143•192 Porter 
reasoned that radical cyclization might prove to be possible for large rings if substrates 
were chosen that gave consideration to steric and polar effects in the cyclization reaction. 
It is generally considered that alkyl carbon radicals are nucleophilic, 141 ·357•358 so 
electron withdrawing substituents activate alkenes towards the addition of these radicals. 
(However, recent calculations by Radom et al., 359·360 have found that alkyl radicals are 
not always as nucleophilic as previously thought, and that their reactivity towards 
addition to alkenes is governed by both enthalpic and polar effects). Substrates were also 
chosen that minimise steric effects in the cyclization transition state. It was found that 
bromides of type 177 under a variety of radical cyclization conditions (bromide 
concentration 6mM to lOOmM, with Bu3SnH, Ph3SnH, or Bu3GeH) gave only moderate 
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yields of the cyclic ketones 178, typically of the order of 20-30% (Scheme 49). 
Br 
177 
0 
n = 1, 4, 8 
Scheme 49 
178 
20-30% 
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Reactions carried out with the corresponding iodides raised the yield of macrocyclic 
products to around 60%, presumably because of better propagation at the alkyl iodide -
stanny I radical step 177 leading to increased radical chain efficiency. Porter et 
al. , 140•142•143•192 discovered that reactions carried out at higher concentrations of iodide 
and tin hydride gave considerably more acyclic products and generally lower overall 
product yield than reactions carried out at higher dilutions. The decrease in product 
yields is attributed to competitive addition of the acyclic radical in an intermolecular event. 
A series of quantitative experiments were carried out with the iodide 179 at 80°C in 
benzene, as shown in Scheme 50, and a rate ratio of cyclization to hydrogen· atom 
transfer for the acyclic radical was determined, k,jkH = 2x 10-3 M. On the basis of the 
known kH for hydrogen atom transfer-from tributyltin hydride to primary alkyl radicals of 
6.2x106 M" 1s· 1,99 the rate constant kc for the radical derived from the iodide 179 is 
l.2x 104 s· 1. It is relevant that the cyclization rate constant is over two orders of 
magnitude slower than the rate of hydrogen atom transfer to primary alkyl radicals. This 
difference in rate is the primary reason why these reactions mus.t be carried out under 
high dilution conditions - otherwise direct reduction of the cyclic radical would obviously 
predominate. 
0 
I 
AIBN so·c 
179 65% 
Scheme 50 
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Porter et al., 142 then developed a method for the synthesis of macrolides with ring sizes 
greater than 11, by utilising free radical addition onto acrylate and fumarate esters, as 
shown in Scheme 51 and Scheme 52. Yields of macrolides formed by this approach 
ranged from 25-88%, depending on ring size and substitution. 
0 
0 
I ¼ 0 
180 
n 25 - 28% 
n = 0, 1, 4, 5, 9 
H 
Scheme 51 
Porter et al., 142 observed. that cyclization to acrylate esters occurred in an endocyclic 
mode in every case examined. The preference for endo cyclization was explained as 
follows. When considering the intermolecular case, addition of carbon radicals to 
acrylate esters is favoured. In addition, the terminal carbon of the acrylate double bond is 
unsubstituted and no steric constraints to radical addition exist. Two factors, electronic 
and steric, dominate the rate of radical addition to olefins, and both of these factors are 
favourable for simple acrylates . Since the chain length of these macrocycle precursors 
are long and flexible enough to accommodate either the exo or endo transition state with 
ease, only the steric and polar effects influence the mode of cyclization (as in the 
intermolecular case), resulting in the radical attacking the les substituted end of the 
double bond and generating the more stable secondary radical. This is in direct contrast 
to the mode of cyclization observed in smaller ring systems where stereoelectronic effects 
are extremely important.72-74 In this ca e, only one of the two possible transition states 
can be easily accommodated, a the tran ition complex for the endo process is highly 
strained compared to that for the exo process . Hence for small ring exo cyclization 
usually re ult , with the formation of a thermodynamically les stable primary radical . 
Isolated yields for the reaction above varied from 45% (15 membered, n = 4) to 56% (20 
membered, n = 7). Yields calculated by ga chromatography were usually 10-15% 
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higher. A series of quantitative experiments carried out on the iodide 180 where n = 9 
gave a rate constant for radical cyclization kc= 2x 104 s- 1 at 80°C. This is of the same 
order of magnitude as the rate constant given for radical cyclization onto a vinyl ketone in 
the previous example, implying that vinyl ketones and acrylate esters are similarly 
activated towards radical attack. 
Cyclization of iodofumarates was also investigated 142 (Scheme 52) , for comparison to 
the acrylate systems. Yields of macrolide product ranged from 50-55% isolated (65-70% 
by GC). 
0 
I 
O~C02Et 
n= 1,2, 5, 9 
Bu3SoH j 
0 
+ 
n=l ,2, 5, 9 50- 55% 
Scheme 52 
The fumarate system was viewed a being sterically and electronically unbiased, but even 
in these systems the endocyclic product was formed preferentially (5: I in the 13-endo : 
12-exo system), with the preference diminishing as ring size increased (1.1:1 in the 20-
endo : 19-exo system). It is thought that an endo transition state is easier to accommodate 
on steric grounds than the exo transition state for the smaller macrocycles (due to 
transannular strain), and that this effect becomes less pronounced as the macrocycle size 
increases, leading to a complete lack of discrimination in the radical attack onto the 
fumarate double bond. This behaviour of long chain radicals is in direct contrast to that 
of short chain radicals where the stereoelectronic effect72-74 strongly directs cyclization in 
the exo mode. 
Further studies were carried out on similar systems to define the scope of this radical 
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macrocyclization process, and several generalisations were made. Intramolecular 
addition proceeds with minimal intermolecular competition at concentrations up to lOmM. 
Iodides are more reactive than bromides, and secondary and tertiary iodides appear to 
propagate more efficiently than primary iodides. The efficiency of the halide abstraction 
step by the stannyl radical, and the stability of the radical thus formed both serve to 
increase the efficiency of the radical chain process, leading to higher yields of the 
macrocyclic product. No evidence was found for macrocyclization occurring by an 
electron transfer sequence. Electron accepting groups on the alkene undergoing radical 
addition promote the addition by polar effects.141 •357•358 For example, carbon radicals 
add to acrylate esters over 103 times faster than addition to propene. This rate 
enhancement is necessary for radical macrocyclization to be competitive with direct 
reduction of the acyclic radical. Other olefin substituents promoting the addition of 
carbon radicals are ketone, aldehyde; amide, nitrile and sulfonyl groups. 
Steric effects can also be critical in determining the ease of carbon radical addition to 
alkenes, and substitution at the olefin site of radical attack reduces the rate of 
addition. 141 •357•358 Thus, it was found that substitution of a methyl group on the~-
position of an acrylate ester reduces the rate of addition nearly 100-fold. Radical addition 
to alkenes occurs preferentially at the less substituted end, and each terminal alkene 
studied underwent exclusive endo cyclization. 
In related work, Boger and Mathvink36 1 showed that acyl radicals could also undergo 
intramolecular radical additions onto activated alkenes to form macrocycles. The viability 
of this type of cyclization was demonstrated in the preparation of the macrolide 182 
shown in Scheme 53. Treatment of the phenyl selenide 181 with tributyltin hydride 
generated the acyl radical , which then underwent exclusive endo addition to the acrylate 
double bond to give the macrolide 182. 
Bu3SnH 
SePh AIBN 
181 
Scheme 53 
0 ) 
n 
182 n = 1 47% 
n = 2 46% 
n =4 55% 
n = 6 68% 
n = 10 57% 
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This type of radical cyclization has the advantage that useful functionality is introduced at 
the initial radical bearing centre. 
3. 6 RETROSYNTHETIC APPROACHES TO FREE RADICAL 
MACROCYCLIZATION 
As shown in the preceding section, some recent work has been carried out on the 
formation of macrocycles via free radical cyclization. However very little has been 
directed towards the synthesis of donor-atom containing macrocycles. The aim of this 
current work was to extend Porter's existing radical cyclization methodology into this 
area. 
An initially considered plan was to create the ubiquitous ethyleneoxy component of 
macrocycles by a radical route. This could conceivably be prepared by the reaction of a 
primary methyleneoxy radical with a vinyl ether as shown in the retrosynthetic analysis 
below in Scheme 54. 
X 
< JVV'o Q..rvv- Q..rvv-
Scheme 54 
However, the generation of methyleneoxy radicals is difficult, as the synthesis of the 
required halogenated precursors is problematic. Hence this route was not investigated. 
The attack of an oxygen-centred radical onto a double bond to generate a similar linkage 
is also an attractive prospect, and is shown in Scheme 55, but is not feasible due to the 
likelihood of .1,5-hydrogen atom transfer to the oxygen-centred radical. This type of 
process occurs extremely rapidly, and would occur to the exclusion of addition. 
I 
.J'V' o ·oJVV' 
H 
• ~ 1,5-abstraction 0 0 
\_/ 
HO O • 
\_/~ 
Scheme 55 
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Given the range of problems inherent in the formation of the ethylenedioxy unit via a 
radical route, Porter's method was considered. The attack of a carbon-centred radical 
onto an activated double bond such as that of acrylate or fumarate esters, as shown in 
Scheme 56, has several disadvantages, such as the resultant formation of a four carbon 
chain rather than an ethylenedioxy unit, and the incorporation of a carbonyl functionality 
(or lactone functionality) into the macrocycle, which may or may not be desirable. 
•C-'VV' 
Scheme 56 
However, the precursors required are relatively easy to obtain, and the reaction is not 
complicated by the occurrence of side reactions such as hydrogen atom abstraction. In 
addition, the use of acrylate and fumarate ester deriv_atives lends itself to the synthesis of 
functionalised macrocycles, as other substituents could conceivably be placed on the 
double bond without affecting the radical cyclization reaction. 
Given the increasing industrial importance of macrocyclic compounds, an efficient ~adical 
synthesis of this type would be extremely useful , and would be an attractive alternative to 
the ionic cyclization methods currently in use. Hence, initial investigations were directed 
towards a simple acrylate system, derived from a polyethylene glycol precursor. 
The appropriate radical precursor 183 , bearing a primary iodide at one end of a 
polyethylene glycol chain and an acrylate ester group on the other, was thought to be 
relatively straightforward to prepare by use of the methodology developed by Porter et 
al., 142 in the synthesis of similar acrylate systems. Once obtained, the radical precursor 
was then expected to cyclize under radical conditions to give exclusively the product of 
endo cyclization, the macrocyclic lactone 184, as shown in Scheme 57. 
Obviously, the rate of cyclization of the acyclic radical precursor is of great importance to 
the success of thi synthesis. Earlier tudies have shown that the cyclization of 4-oxa-6-
hepten-2-yl 185 is substantially faster than that of 6-hepten-2-yl 186362 and that 
replacement of a methylene group by an oxygen atom in an equivalent position in o-2-
butenylphenyl 187 causes a similar rate enhancement.363 
This is likely to be due in part to the fact that carbon-oxygen bonds are shorter than 
carbon-carbon bonds, and the C-0-C angle is more acute than the C-C-C angle. This 
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makes the exo transition state even more favourable for the oxygen substituted case. 
/\/\/\/\ ; 
I O O O O~ 
183 
l) 
X 
185 X = 0 
186 X = CH2 
0 
Scheme 57 
187 X = CH2 or 0 
• ~ lJ-x) 
184 
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A theoretical study carried out by Beckwith and Schiesser83 calculated the difference in 
strain energies between the ground states and the exo transition structures for a variety of 
these systems. A comparison between 4-oxa-6-hepten-2-yl 185 and 6-hepten-2-yl 186 
showed a difference in strain energies of 3.8 kcal mor 1, favouring cyclization of 4-oxa-
6-hepten-2-yl 185. A similar re ult was observed when calculations were carried out on 
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o-2-butenylphenyl radicals such as 187. 
It can be argued that since the incorporation of oxygen in the chain results in a more 
flexible chain, a rate enhancement may also be seen in the radical cyclization of oxygen 
containing macrocycle precursors compared to their all-carbon analogues, as both the exo 
and endo transition states could be more easily accommodated by the more flexible 
oxygen containing chain. Some simple molecular modelling studies were carried out to 
investigate this possibility. 
3. 7 MOLECULAR MODELLING OF RADICAL 
MACROCYCLIZATION 
Initial modelling studies were carried out with CSC Chem3D Plus (Version 3.1.1).364 
The acyclic polyoxygenated acrylate radical 188 was first modelled, and compared with 
the corresponding all-carbon analogue 189. The two dimensional structures below were 
imported into Chem3D, and an energy minimisation was performed, with an MM2 force 
field, to generate the three dimensional diagrams and their related minimum energy terms . 
• /'-0~ 0~ 0~ or 
188 0 
188 
189 
Stretch: 1.3208 
Bend: 5.4146 
Stretch-Bend: 0.4234 
Torsion: 0.3574 
Non-1 ,4 VDW:-1.3954 
1,4 VDW: 15.4131 
Dipole/Dipole: 3.0501 
Total : 24.5840 kcal/ mol 
Stretch: 1.0230 
Bend: 3.0054 
Stretch-Bend: 0.2204 
Torsion : 0.3691 
Non-1 ,4 VDW:- 1.9305 
1,4 VDW: 10.6820 
Dipole/Dipole: 2.2417 
Total : 15.6111 kcal/ mot 
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The corresponding cyclic radicals 190 and 191 were then modelled in the same manner. 
190 
191 191 
Stretch: 1.4664 
Bend: 5.4522 
Stretch-Bend: 0.6 I 68 
Torsion: 0.3355 
Non-1 ,4 VOW:-3.9139 
1,4 VOW: 6.8069 
Charge/Dipole: 0.0000 
Dipole/Dipole: 3.7006 
Total: 24.4645 kcal / mol 
Stretch: 1.401 8 
Bend: 3.8015 
Stretch-Bend: 0.5 I 65 
Torsion : 3.5977 
Non-1,4 VOW:-3.3791 
1,4 VOW: 2.3117 
Charge/Dipole: 0.0000 
Dipole/Dipole: 1.1970 
Total : 19.4471 kcal/ mol 
The final macrocyclic products 184 and 192 were also modelled for comparison. 
The absolute energy terms calculated for all of the structures shown are obviously 
dependent on the force field used, and cannot be compared with results calculated using 
other minimisation programs. They are also dependent on the starting geometry of the 
structure to be minimised (these are given in all of the above cases by the two 
dimensional diagrams) . Hence the choice of starting geometry can be critical to the 
results obtained. In all cases a low energy conformation was chosen as an initial 
structure for minimisation. An extended anti conformation i acceptable for the acyclic 
radicals, but the choice of a starting conformation for the cyclic radicals is not so simple. 
Molecules of such great flexibility and conformational freedom are difficult to ·model 
accurately. 
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184 184 
192 192 
Stretch: 1.6584 
Bend: 7.1147 
Stretch-Bend: 0.7612 
Torsion : 0.6776 
Non-1 ,4 VDW:-3.5231 
1,4 VDW: 17.4209 
Dipole/Dipole: 4.5644 
Total : 28.6741 kcal/ mol 
Stretch: 1.7515 
Bend: 6.1452 
Stretch-Bend: 0.7129 
Torsion: 2.8744 
Non-1 ,4 VDW:-1.9215 
1,4 VDW: 12.5260 
Dipole/Dipole: 2.0288 
Total : 24.1173 kcal/ mol 
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A Monte Carlo365 conformational space search was carried out with Macromodel366 for 
both the polyoxygenated and the carbon analogue macrocyclic products, 184 and 192 
respectively. To give an example of the number of likely conformers of these molecules, 
the Monte Carlo search of the conformational space of the polyoxygenated macrocyclic 
product 184 yielded 100 unique conformers with energies within 6.5 kcal mor 1 of the 
lowest energy conformer found . The lowest energy conformer found in each case was 
imported into Chem3D, and re-minimised using the same MM2 parameter set as was 
used for all of the above structures for comparison. The results of these calculations are 
shown overleaf. 
It can be seen from these calculations that although the polyoxygenated species 188 and 
190 are always higher in energy than the corresponding carbon analogues 189 and 191, 
the changes in energy, pecifically for the transition from the acyclic to the cyclic radicals, 
are substantially different for the two case . In the carbon analogue, the change in energy 
upon radical cyclization from structure 189 to 191 i 3.84 kcal mor 1, whereas in the 
polyoxygenated ca e the change in energy upon radical cyclization from structure 188 to 
190 i 0.12 kcal mor 1• Thi implie that the amount of energy required to convert the 
acyclic polyoxygenated radical into the cyclic one is much less than that for the carbon 
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analogue. This result lends support to the theory that the polyoxygenated acyclic radical 
will cyclize more rapidly than the carbon analogue. 
184 
192 
Stretch: 1.5102 
Bend: 6.4808 
Stretch-Bend: 0.7301 
Torsion: 0.1973 
Non-1,4 VOW:-4.3258 
1,4 VOW: 17.0881 
Dipole/Dipole: 3.8694 
Total: 25.5502 kcal/ mol 
Stretch: 1.2241 
Bend: 5.3498 
Stretch-Bend: 0.6250 
Torsion : 2.2846 
Non-1,4 VOW:-5.0740 
1,4 VOW: 12.5795 
Dipole/Dipole: 1.9633 
Total : 18.9524 kcal/ mol 
However, as stated previously, these figures are critically dependent on the starting 
structure geometries chosen for minimisation. When comparing the final product 
structures and energies calculated with Chem3D with those arising from the Monte Carlo 
conformational search on Macromodel,366 it is clear that in the polyoxygenated case 184 
the starting geometry is acceptable, a the structures are qualitatively quite similar, having 
all of the donor oxygen atoms, as well as one of the methylene groups, directed towards 
the centre of the ring. The energy difference between the structures is only 3.12 kcal 
mo1 -1• However, in the case of the carbon analogue 192, it can be seen that the 
structures generated by the two methods are substantially different. The structure 
generated in Chem3D possesses four methylene groups pointing inwards towards the 
centre of the ring, which is clearly an artefact due to the starting conformation, as this 
feature is not apparent in the lowest energy conformer found by the Monte Carlo method. 
The difference in energy between these two conformations is 5.16 kcal mor 1• 
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Hence, although it seems likely that the polyoxygenated acrylate radical 188 will cyclize 
faster than its carbon analogue 189 due to its lower energy barrier to this transformation, 
this result must be accepted cautiously, as the energy values used to determine this are 
critically dependent on the conformations chosen for study. 
3.8 SYNTHESIS OF HETEROATOM-CONTAINING MACROCYCLES 
VIA FREE RADICAL MACROCYCLIZATION 
The synthesis of the initial radical precursor was developed as described below, and is 
shown in Scheme 58. Tetraethylene glycol 169 was treated with p-toluenesulfonyl 
chloride in pyridine as described by Dale and Kristiansen367 to afford the monotosylate 
193 in 45% yield. The corresponding ditosylate 194 was also recovered in 36% yield. 
The yields obtained for mono- and ditosylation of the polyethylene glycol in this reaction 
are dependent on a statistical distribution , depending on the relative amount of 
tetraethylene glycol and p-toluenesulfonyl chloride used. The two alcohol ends of 
tetraethylene glycol are sufficiently remote that functionalization of one end has no 
bearing on the reactivity of the other. Hence in this system it is impossible to obtain high 
yields of the monotosylate., and yields of about 50% are quite acceptable. 
The monotosylate 193 was initially treated with acryloyl chloride and triethylamine142 to 
give the acrylate 195 in 38% yield (Scheme 58). Several attempts were made to 
improve the yield of the acrylate 195. A major by-product in this reaction was a dark 
yellow, polar material. This was probably polymeric in nature, given its resemblance to 
the desired product by I H NMR spectroscopy, and the broadness of most of the signals 
in the spectrum. It was thought that if free radical polymerisation of the acrylate was 
occurring, it might be prevented by the addition of a radical scavenger or trap to the 
reaction mixture. To test this hypothesis, the reaction was repeated with the inclusion of 
a small amount of the nitroxide trap 1,1,3,3-tetramethylisoindolin-N-oxyl 1 in the 
reaction mixture. However, this addition made no difference to 
the yield of the acrylate 195. This reaction was then modified by 
substituting Htinig's ba e (diisopropylethylamine) for tri-
ethylamine. Htinig's base is substantially more hindered than 
triethylamine and is also more inert to alkylating and acylating 
agents (such as acryloyl chloride), and as such it is le s likely to 
undergo any additional reactions.368 1 
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With the use of this reagent, the yield of the acrylate 195 was increased to 92%. The 
acrylate 195 was then treated with anhydrous sodium iodide in acetone142 to displace the 
tosylate and form the iodide 183 in 95% yield. This synthesis is shown in Scheme 58. 
Analogous syntheses were then carried out starting with both pentaethylene glycol 196 
and hexaethylene glycol 197, to form the corresponding iodides 204 and 205. These 
are also shown in Scheme 58. The yields for each of these reactions were comparable 
to or better than those of the original synthesis, and gave the radical precursors required 
to generate the macrocycles 184, 206 and 207, with ring sizes of 15, 18 and 21 atoms 
respectively. 
Several studies were planned at this point, both to optimise the yields of the cyclization 
reactions and to study the kinetics of the cyclization reactions. To enable quantitative 
analysis of reaction mixtures by gas chromatography, pure samples of the products of 
direct reduction of the acyclic macrocycle precursors, as well as the macrocycle 
precursors themselves, were needed as analytical standards. It was decided to synthesise 
the acyclic products of direct reduction independently. This was to be carried out by the 
same methodology used to prepare the macrocycle precursors, but with the monoethyl 
ether of triethylene glycol 208, rather than the monotosylate of tetraethylene glycol 193, 
as the starting alcohol. 
Initially, an attempt was made to synthesize the monoethyl ether of triethylene glycol 208 
by reducing the monotosylate 193 with lithium aluminium hydride (Scheme 59). Only 
starting material was isolated from this reaction mixture after 24 hours at room 
temperature, and only slight amounts of the desired product were seen after the solution 
was heated at reflux for several hours. It was thought that the monotosylate 193 itself 
could be inhibiting the reaction . It is known that solvents such as diglyme and triglyme 
inhibit lithium aluminium hydride reductions by complexing with the reagent, as 
described in the literature by Krishnamurthy .369 These solvents have obvious structural 
similarities to the monotosylate. A reaction was attempted with the use of a large molar 
excess of lithium aluminium hydride, in the hope that some lithium aluminium hydride 
would remain uncomplexed and hence be able to react with the monotosylate, but this did 
little to improve the yield of the reaction. 
A second attempt was made to synthesize the monoethyl ether 208, by treating 
triethylene glycol 165 with sodium hydride and ethyl iodide. This is shown in Scheme 
59. Again, the yields obtained in these reactions are lower than might be otherwise 
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expected, based on the statistical nature of monofunctionalization of a difunctional 
reagent. This approach was more successful and after chromatography, the monoethyl 
ether 208 was obtained in 42% yield. The corresponding diethyl ether 209 was isolated 
in 23% yield, along with an amount of unreacted triethylene glycol as a mixture with 
other unidentified polar materials. This procedure was then repeated with tetraethylene 
glycol 169 and pentaethylene glycol 196, to give the corresponding monoethyl ethers 
210 and 211 in 68% and 74% yields respectively. The diethyl ethers 212 and 213 
were isolated in 29% and 26% yields respectively. The increased yields of the products 
derived from tetraethylene glycol 169 and pentaethylene glycol 196 compared to the 
yields of the products derived from triethylene glycol 165 are notable. This is due to a 
higher ratio of sodium hydride and ethyl iodide with respect to the glycol being used in 
these cases. This increases the yield of both the mono- and diethyl ether products while 
decreasing the amount of unreacted glycol present at the end of the reaction. 
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With the ethers 208, 210 and 211 now in hand, the three products of direct reduction 
were prepared a described below (Scheme 60). The ether 208 was treated with 
acryloyl chloride and Hiinig's base to afford the acrylate 214 in quantitative yield. 
Similarly, the ether 210 wa treated with acryloyl chloride to afford the acrylate 215 in 
82% yield, and the ether 211 was treated with acryloyl chloride to afford the acrylate 
216 in 89% yield. 
208 
210 
211 
0 
VCI 
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n=l 214 100% 
n=2 215 82% 
n=3 216 89% 
3.9 OPTIMIZATION OF CONDITIONS FOR FREE RADICAL 
MACROCYCLIZATION 
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A series of experiments were carried out to optimise the conditions for radical cyclization 
of the acrylate 183 to the macrocycle 184, as shown in Scheme 61. Several different 
general reaction conditions were assessed, as described below. 
Reaction Type A. A solution of the iodide 183 and either tributyltin hydride or 
tris(trimethylsilyl)silane (1.1 equivalents, between 0.01 and 0.05M) 
and an internal standard (1 equivalent) in dry degassed benzene or 
t-butyl benzene was heated to reflux, at which point a solution of the 
initiator (AIBN, O: I equivalents) in the same solvent was added. The 
reaction mixture was kept at reflux for 2 h before being cooled and 
analysed by gas chromatography (GC). 
Reaction Type B. In order to minimise the concentration of unreacted iodide during the 
reaction, some reactions were carried out with syringe pump addition 
of the iodide. In these cases, a solution of either tributyltin hydride or 
tris(trimethylsilyl)silane (1.1 equivalents, O.OlM) in dry degassed 
benzene or toluene was heated to reflux, and a solution of the initiator 
(AIBN, 0.1 equivalents), the iodide 183 and the internal standard (1 
equivalent) in the same solvent was added to the mixture by syringe 
pump. Typically a volume of 10ml would be added over 3 h. The 
reaction was kept at reflux for a further 2 h after complete addition of 
the iodide solution, before being cooled and analysed by GC. 
Reaction Type C. These reaction were carried out under "catalytic tin" conditions. 175 A 
solution of the iodide 183, tributyltin chloride (0.01 equivalents), 
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sodium cyanoborohydride (1.1 equivalents) and the internal standard 
(1 equivalent) in dry degassed t-butanol was heated to reflux. A 
solution of the initiator (AIBN, 0.1 equivalents) in t-butanol was 
added at every hour for 6 h, after which the reaction was kept at reflux 
for a further 2h, cooled and analysed by GC. 
Reaction Type D. Some preliminary experiments were carried out in the presence of 
sodium ions to ascertain if a template effect was in operation and 
would lead to increased yields of the macrocycle 184. In these cases, 
sodium tosylate (4 equivalents) was added to the reaction mixture 
containing the iodide 183 (reaction types A and C), and the solution 
was kept at reflux for 30 min before the addition of any initiator. All 
other aspects of the experiment were carried out as described in the 
relevant reaction type above. 
All reactions were carried out in the presence of hexadecane as the internal standard, and 
analyses were carried out by gas chromatography. The detector response factor for each 
compound was determined by GC analysis of a standard containing known amounts of 
authentic samples of hexadecane, the macrocycle 184 and the reduced product 214. The 
results are summarised below in Table 3. 
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Expt. Reaction Solvent T [SnH]ia [SiH]ib Yield 184 Yield 214 Yield 183 
Type oc M M (GC) % (GC) % (GC) % 
1 A benzene 80 - 0 .01 39 0 0 
2 A benzene 80 0 .01 - 60 0 0 
3 A benzene 80 0.05 - 42 15 0 
4 A 1butyl- 169 0 .01 - 57 0 0 
benzene 
5 B benzene 80 0.01 - 64 0 trace 
6 B toluene 111 0.01 - 43 0 23 
7 C 1butanol 82 catalytic - 54 0 0 
8 D benzene 80 0 .01 - 78 0 0 
9 D benzene 80 - 0.01 61 0 0 
10 D 1butanol 82 catalytic - 46 0 0 
Table 3 Product distributions for cyclization of the iodide 183. 
One important result not apparent in the above table is that every cyclization reaction 
attempted gave exclusively the endo cyclization product 184 shown above. None of the 
corresponding exo isomer was observed. This indicates that while the macrocycle 
precursor is long and flexible enough to accommodate either the exo or endo transition 
structure, the mode of cyclization is directed by steric and polar effects, both favouring 
attack on the terminal end of the double bond. The 1H NMR and 13C NMR spectra were 
the most informative for assigning the structure of the macrocycle 184. In addition to the 
disappearance of the vinyl proton signals in the 1H NMR spectrum at o 5.77, 6.08 and 
6.35, three methylene multiplets were apparent at o 1.64, 1.75 and 2.36, and this was 
confirmed by the presence of three methylene signals at o 22.05 , 28.42 and 33.88 in the 
13C NMR spectrum. These are consistent with the expected signals for the endo isomer. 
The exo isomer would be expected to show a methyl signal coupled to a methine proton 
in the 1H NMR spectrum, with only two methylene resonances. Signals consistent with 
this were not observed in either the I H or 13C NMR spectra of any crude reaction 
mixture. The mass spectrum of the macrocyclic product isolated also gave the expected 
molecular ion at mlz 232. 
Several generalisations can be made from the results in Table 3. The use of tributyltin 
hydride generally led to higher yields of the macrocyclic product than did the use of 
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tris(trimethylsilyl)silane (c.f, experiments 1 and 2, 8 and 9). The reasons for this are 
unclear. Often in reactions where direct reduction competes with rearrangement or 
cyclization of a radical, the use of tris(trimethylsilyl)silane offers significant advantages 
over tributyltin hydride. This is due to slower hydrogen atom donation caused by the 
stronger silicon-hydrogen bond compared to the tin-hydrogen bond. 184 If hydrogen 
abstraction from tris(trimethylsilyl)silane is slower, the intermediate radical has a longer 
lifetime and hence has a longer period of time in which to rearrange or cyclize before 
reduction occurs. However, the slower hydrogen abstraction step does not work to the 
advantage of cyclization in this system. This is probably due to hydrosilylation of the 
double bond370 competing with carbon radical addition. In general, hydrosilylation of 
double bonds is a greater problem than hydrostannylation in the same system. 177,370 
When the initial stannane concentration was raised from 0.01M to 0.05M, the amount of 
directly reduced material rose from Oto 15% as expected (experiments 2 and 3). This is 
in concurrence with Porter's findings , where higher initial stannane concentrations 
invariably led to higher yields of acyclic direct reduction products. Stannane 
concentrations of up to 0.0lM seem effective in preventing the occurrence of direct 
reduction of the acyclic radical. From experiment 7 it can be seen that the catalytic tin 
method gives comparable yields of cyclic product to the reaction with stoichiometric 
tributyltin hydride. A disadvantage of this method is that the reaction is substantially 
slower, and needs multiple initiation. However, the obvious advantage of this method is 
that the amount of organotin compound required is much less (an important economic 
consideration in larger scale industrial operations), and the workup is simpler as there are 
less tin residues to remove. 
Slow addition of the iodide (experiments 5 and 6) does not improve the yield of cyclic 
product. However, the detection of unreacted iodide implies that all of the tributyltin 
hydride has been consumed before the last of the iodide has been added to the reaction 
mixture. This may be due to the gradual decomposition of tributyltin hydride at 80°C. 
However, this finding supports the proposition that intermolecular events can occur in 
this system, such as hydrostannylation of the acrylate double bond.177 This could also 
account in part for the low mass recovery in all of these reactions. 
The most striking result in the above table is the increase in yield of these cyclization 
reactions in the presence of sodium ions (experiments 8 - 10). Cyclization with 
tributyltin hydride increased from 60 to 78% in the presence of sodium ions, and 
cyclization with tris(trimethylsilyl)silane increased from 39 to 61 %. In experiment 9, 
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with tris(trimethylsilyl)silane, no direct reduction product was observed. This fact, in 
combination with the increased yield of the cyclized product, supports the theory that the 
sodium ion is in fact acting as a template, bringing both ends of the acyclic radical into 
closer proximity and thus favouring cyclization over direct reduction. 
Incorporation of sodium tosylate into the catalytic tin method (experiment 10) caused a 
decrease in the yield of the macrocyclic product, possibly due to interference of the 
sodium tosylate with the catalytic tin cycle. 
3.10 STUDIES INTO THE TEMPLATE EFFECT IN RADICAL 
CYCLIZATIONS 
In the light of the increased yields of macrocyclic product obtained when cyclizations 
were carried out in the presence of sodium ions, a-more detailed investigation into the 
operation of a possible template effect was undertaken. The cyclization of the three 
acrylate precursors 183, 204 and 205 was investigated (Scheme 62) to see if any 
difference in yield or template characteristics was noticeable for the three ring sizes (15, 
18 and 21 atoms). The cyclizations were carried out without any metal salts present, and 
then in the presence of lithium, sodium and potassium ions, with tosylate counter ions in 
all cases. 
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The experimental condition were as follows: a solution of the iodide, tributyltin hydride 
(1. 1 equivalents, O.OlM), the internal standard (1 equivalent) and a metal tosylate (4 
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equivalents) in dry degassed benzene was heated to reflux for 30 min. A solution of the 
initiator (AIBN, 0.1 equivalents) in benzene was added and the solution was kept at 
reflux for a further 2 h before being cooled and analysed by GC. The initial tin 
concentration was O.OlM in all experiments undertaken, and the GC analyses were 
carried out as described in the previous section. The results are displayed in Table 4 
below. 
Product Metal Tosylate Cyclized Yield (GC) 
% 
184 60 
184 Na+ 78 
184 K+ 80 
184 cs+ 83 
206 83 
206 Na+ 87 
206 K+ 85 
206 cs+ 84 
207 93 
207 Na+ 90 
207 K+ 99 
207 -cs+ 93 
Table 4 Variation of product yield in the presence of a templating ion for radical 
cyclization of the iodides 183, 204 and 205. 
It is obvious from the table above that the initially observed increase in the yield of the 
IS-membered macrocycle upon addition of sodium ions to the reaction mixture is the 
most significant result in the table. However, the overall increase in yield with increase 
in macrocycle ring size was unexpected, although similar trends can be seen in Porter's 
work. As the yield of product is so high for the larger macrocycles, even if a template 
effect were in operation, the change to the yield of cyclic product would not necessarily 
be marked, and may not be noticeable against the rather high yield obtained in the absence 
of metal ions. 
If an experiment could be conducted in which a competition is set up between cyclization 
of the radical and another reaction ( uch as direct reduction of the acyclic radical), any 
effect favouring cyclization would be more noticeable. Hence a series of cyclization 
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experiments were undertaken in which the tributyltin hydride concentration was much 
higher, favouring direct reduction of the acyclic radical. The reaction conditions used 
were as described above, except that the starting tributyltin hydride concentration was 
0.15M. The results are displayed in Table 5 below. 
Macrocycle / Reduction Metal Tosylate Cyclized Yield Reduced Yield 
Products (GC) % (GC) % 
184/214 - 22 16 
184/214 Li+ 28 10 
184/214 Na+ 26 22 
184/214 K+ 28 23 
184/214 cs+ 28 27 
206/215 - 22 28 
206/215 L/ 10 18 
206/215 Na+ 23 30 
206/215 K+ 22 27 
206/215 cs+ 24 35 
207/216 - 20 27 
207/216 L/ 8 16 
207/216 Na+ 19 31 
207/216 K+ 22 34 
207/216 cs+ 22 29 
Table 5 Competition experiment between formation of macrocyclic and reduced 
products in the presence of templating ions. 
Several conclusions can be drawn from the above results. The mass recovery of these 
reactions decreases with increasing initial stannane concentration (when compared to 
earlier experiments) in addition to an increase in the yield of acyclic reduction products, 
as expected; this is in agreement with Porter's findings . Intermolecular reactions such as 
hydrostannylation of the acrylate double bond 177 and polymerisation may account in part 
for the mass deficit, as the products of these processes cannot be identified by GC due to 
their low volatilities. 
The presence of lithium ions in general reduces yields for both cyclized and reduced 
products. This i surprising, as lithium is too small to effectively complex any of the ring 
sizes used in this set of experiments, and was expected to give similar results to the 
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reactions conducted in the absence of any metal ions. However, evidence for a "negative 
template effect" has been reported in the literature.371 This sometimes occurs when the 
metal ion used as a template is much too small or too large for the macrocyclic precursor 
to accommodate. In the present particular case, since lithium is too small for optimum 
binding of these ring sizes, the acyclic precursor could conceivably be held in a 
conformation by the lithium ion in such a way that the two chain ends are no longer being 
brought closer together but are held further apart. This could occur if the chain adopted a 
helical or similar conformation. Obviously, this conformation would no longer favour 
cyclization, and may reduce both the rate of cyclization and the yield of the cyclic 
product. A study by Mandolini and Masci371 has shown that cyclization of benzocrown 
ethers can be enhanced by the presence of sodium, potassium, rubidium and caesium 
ions, but is always inhibited by the presence of lithium ions, similar to the results 
obtained in this template experiment. 
The presence of sodium, potassium, or caesium ions in general makes negligible 
difference to the yields of cyclized and reduced products in this experiment. The slight 
rise seen in the yield of some cyclic products is still small when compared to the amount 
of iodide consumed. 
There is no obvious relationship between ring size and templating atom size, . if 
cyclizations are "template assisted". However, this is not unexpected, as size-exclusivity 
is only marked in rather rigid macrocycles with well defined and inflexible internal 
dimensions. Conformationally mobile macrocycles such as unsubstituted crown ethers 
are capable of complexing a range of different atom sizes. 
Although a negligible template effect seems to be in operation, as evidenced by the data in 
Table 5, at lower stannane concentrations (i.e. , optimum cyclization conditions), the 
presence of a metal ion does lead to a moderate increase of yield in the macrocyclic 
product in most cases, as evidenced by the first set of template experiments. Whatever 
the cause of this phenomenon, it can still be exploited for the synthesis of these 
macrocycles. 
3.11 KINETIC STUDIES OF RADICAL MACROCYCLIZATIONS 
As a value for the rate constant of hydrogen atom transfer (kH) from tributyltin hydride to 
primary alkyl radicals is known, 178 • 179 it is possible to determine the absolute rate 
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constants of competing processes by the tin hydride method. s4,37o,372 
This method can be applied for measuring cyclization rate constants kc in either of two 
ways depending on whether a large excess or a stoichiometric amount of tributyltin 
hydride is used in the reaction. In the latter case, one needs to know the initial and final 
tributyltin hydride concentrations, and the final concentration of the cyclized product, in 
order to calculate the ratio kc!kH (see Scheme 63). This is calculated by use of the rate 
equation: 
where [CH]r is the final concentration of the cyclized product, and [Bu3SnH]i and 
[Bu3SnHJr are the initial and final tributyltin hydride concentrations respectively (see the 
Appendix for a derivation of this equation). No analytical solution for kc!kH can be 
obtained from this equation, so an iterative computer method (ITRATE373) has been 
employed to determine this ratio throughout this work. The value of kc can therefore be 
calculated given the ratio kc!kH and the known 178•179 value of kH . 
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Initial tests were performed at constant temperature with varying initial tributyltin hydride 
concentrations. An excess of the radical precursor, the iodide 183, was used so that it 
could be known with certainty that the final tributyltin hydride concentration is zero. 
Final concentrations of cyclized and reduced products were determined by GC analysis of 
the reaction mixtures against an internal standard. The detector response factors of the 
various compounds were determined by analysis of a standard solution containing known 
amounts of authentic compounds. 
Standard benzene solutions of tributyltin hydride and the internal standard (hexadecane) 
were prepared, and diluted with benzene to approximately 0.12M, 0.06M, and 0.03M in 
tributyltin hydride. A standard solution containing the iodide 183 (approximately 
0.65M) and AIBN in benzene was also prepared. The tributyltin hydride solutions were 
all equilibrated at 57°C in sealed reaction vials , and appropriate amounts of the iodide 
solution were then added. The reactivials were then stirred at 57°C for 4 h before being 
cooled, opened and analysed by GC. The results are summarised in Table 6. 
Experiment I [Bu,~nH]; [Bu3SnH]r [CH]r [UH]r [ CH]r + [UH]r kJkHa 
M M M M M 
1 0.125 0 0.0345 0.00992 0.0444 0.0157 
2 0 .125 0 0 .0351 0.01002 0.0451 0.0162 
3 0.0587 0 0 .0241 0 .00876 0.0329 0.0153 
4 0 .0587 0 0 .0245 0.00601 0.0305 0.0159 
5 0 .0248 0 0 .0166 0.00298 0.0196 0.0219 
6 0 .0250 0 0 .0148 0.00347 0 .0183 0.0153 
a k/ kH value calculated by ITRA TE,373 using [Bu3SnH]i' [Bu3SnHlr and [CHJr. 
Table 6 Experimental results and relative rate constants for the reaction of the iodide 
183 with tributyltin hydride in benzene at 57°C. 
It can be seen from Table 6 that the mass balance in these reactions is poor, 
i.e., [CH]r + [UH]r < [Bu3SnH] i. This poor mas balance has serious consequences 
depending on the method of data treatment, and how this is u ed to calculate kJkH . 
Several treatments are po sible. One is to leave the missing products unaccounted for, 
and use a value for [Bu3SnH]i calculated by adding [CH]r and [UH]r, rather than the 
value known from experiment. This implies that the effective initial tributyltin hydride 
concentration is lower than the actual value. This in tum leads to an underestimate of the 
importance of direct reduction reactions, as these are dependent on [Bu3SnH]i, and hence 
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to an overestimate of kcfkH. 
A second theoretical treatment is to "normalise" the values of [CHJr and [UH]r, raising 
their absolute values to achieve mass balance, but keeping the ratio between them the 
same. This treatment effectively assumes that the formation of other products has an 
equal effect on the formation of UH and CH, which may or may not be valid. 
A third treatment is to assume that all of the missing mass is effectively reduced product 
UH. Hence the raw data values of [Bu3SnHL and [CHJr are used unaltered, and the 
value of [UHJr is raised to achieve mass balance. This effectively gives greater 
importance to direct reduction reactions than cyclization reactions , and hence 
underestimates a value of kJkH. This treatment of data was used in the above table, as a 
lower limit on the value of kc was considered more useful for comparison to the 
cyclization of Porter's systems, 140•142•143•192 as these were expected to be lower. 
These results have a mean for kJkH = 0.0167 M. For primary alkyl radicals at 57°C, kH 
= 4.23x106 M-ls- 1, 178 giving a value for kc of 7.06x104 s- 1. Assuming experiment 5 is 
an outlier, then kcfkH = 0.0157 M when calculated from the remaining five values and 
thus kc = 6.63x104 s- 1, which is only 6% smaller than the "full data" value. 
Further kinetic experiments were carried out in order to determine the Arrhenius 
parameters governing this cyclization. Three sets of reactions were carried out, each at a 
fixed initial tributyltin hydride concentration (0.02M, 0.08M, and 0.12M) and at a range 
of temperatures within each set. As before, the reactions were carried out with an excess 
of the radical precursor 183 to ensure that the final tributyltin hydride concentration was 
zero, and the yields of each product were determined by GC analysis of the crude 
mixtures. The results of these experiments are displayed in Table 7. 
It is clear from these results that although a reasonable trend is seen with increasing 
temperature for each set of experiments (i.e., experiments 1-4, 5-8, and 9-12), the 
agreement between each set is rather poor. Despite the fairly wide fluctuations it is clear 
that an Arrhenius plot derived would have a very small slope. This implies that the 
activation energy for kc must be similar to that for kH, as the Arrhenius plot for kH al o 
has a very small slope. Given the difference in value between kc and kH at any given 
temperature, it is obviou that the lnA term for kc must be much less than for kH. This is 
reasonable, as cyclization is con idered to be much more entropically unfavourable then 
direct reduction. 
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Experiment T [Bu3SnHJ i [Bu3SnH]r [CH]r [UH]r [CH]r+[UH]r 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
K M M M M M 
315.4 0.01964 0 0.009295 0.002659 0.01195 
332.3 0.01964 0 0.01383 0.003098 0.01692 
352.2 0.01964 0 0.01311 0.002764 0.01587 
373.4 0.01964 0 0.01367 0.002855 0.01652 
315.6 0.07372 0 0.03599 0.02010 0.05609 
332.4 0.07372 0 0.02933 0.02032 0.04965 
352.2 0.07372 0 0.03568 0.01731 0.05299 
373.2 0.08038 0 0.03860 0.0169·1 0.05551 
315.6 0.1142 0 0.05998 0.04125 0.10123 
332.2 0.1142 0 0.05934 0.05045 0.10979 
352.4 0.1142 0 0.06242 0.02946 0.09189 
373.3 0.1142 0 0.06150 0.02638 0.08788 
a k/ kH value calculated by ITRATE?73 using [Bu3SnH]i' [Bu 3SnH]fand [CHJr 
b k/ kH value calculated from Ingoldet a t. 178 
kclkHa kHb 
M M -1s-1 
0.006898 3.26xl0 6 
0.02078 4.40xl06 
0.01723 6.04xl06 
0.01994 8.14xl06 
0.02776 3.27xl06 
0.01803 4.4lxl06 
0.02724 6.04xl06 
0.02918 8.12xl06 
0.05107 3.27xl06 
0.04977 4.39xl06 
0.05639 6.05xl06 
0.05432 8.13xl06 
kc 
- I 
s 
2.25xl04 
9.14xl0 4 
l.04xl05 
l.60xl05 
9.08xl0 4 
7.95xl0 4 
l.65xl05 
2.37xl0 5 
l.67xl05 
2.18xl05 
3.4lxl05 
4.42x 105 
\} 
.[ 
.... (1) 
.., 
Vo) 
...... 
0 
N 
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There are several likely reasons for the inconsistency seen between sets of results in 
Table 7. The major cause for deviation between the sets of results is probably due to 
the lack of a proper mass balance between tributyltin hydride consumption and product 
formation. It can be seen from the above table that [CHJr + [UHJr < [Bu3SnHL; 
typically, the combined cyclized and directly reduced products only accounted for 60-
85% of the tributyltin hydride consumed, with the rest of the mass unaccounted for by 
GC analysis. The derivation of the integrated rate equation, used by ITRA TE373 to 
calculate kcfkH, is based on the assumption that [CH]r + [UHJr = [Bu3SnH]j. This 
equation is improperly posed, i.e., it is sensitive to perturbations in the initial conditions 
([CH]r, [Bu3SnH]i and [Bu3SnH]r)- Hence the loss of product may strongly influence 
the derived value for kJkH. When mass balance no longer holds, this problem is further 
exacerbated. The kinetic effect of likely side reactions accounting for the mass deficit 
therefore need to be considered. Several other reactions can conceivably occur, 
accounting for the mass deficit. These are shown in Scheme 64 (where UI is the radical 
precursor 183) . 
Unfortunately, the amounts of products formed by addition to the acrylate double bond in 
the iodide precursor (UI 183) and the directly reduced product (UH 214), and also 
from hydrostannylation of these species could not.be determined by GC analysis -of the 
reaction mixtures, because of their low volatility. However, if the assumption is made 
that most of the missing product (i.e., up to 40% of the total) was lost via addition of U• 
188 to UH 214 and UI 183, polymerisation of UH 214 or hydrostannylation of UH 
214, (rather than through hydrostannylation of UI 183, or addition of C• 190 to UH 
214 and UI 183), then the kinetic equation can still be used to generate approximate 
kcf kH values. It is highly conceivable that polymerisation of compounds containing the 
acrylate double bond can occur under these conditions, as pure samples of UH 214 have 
been observed to polymerise on prolonged standing, even when stored at 4 °C. 
Since most of these side reactions are dependent on the concentration of U• 188, and 
hence the initial concentrations of tributyltin hydride and UI 183 (i.e ., the initial 
conditions in the kinetic experiment), it is understandable that the calculated results are 
consistent within one set of experiments (where initial condition are identical), but not 
between different sets of experiments (where initial conditions are different) . Although 
an Arrhenius equation cannot be derived from this treatment of the data due to the 
complexity of this system of reactions, an estimate for kc can be made :- between 
1 - 4x 105 s· 1 at 80°C. Due to the data treatment discussed earlier, this can be considered 
a lower bound of the rate constant. 
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It is interesting to note that all rate constants reported for radical macrocyclization onto an 
activated double bond by Porter et al. , 140•142•143•192 are in the range 8xl03 - 2xl04 s-1 at 
80°C, clearly significantly slower than the experimentally derived rate for radical 
cyclization in this acrylate system. The fact that the polyoxygenated acyclic radicals 
studied here undergo macrocyclization more rapidly than the all-carbon analogues is in 
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accordance with the trend seen in radical cyclization of smaller rings, described in 
Section 3.6 and 3. 7. This lends support to the theory that the presence of oxygen 
atoms in the precursor chain facilitates the formation of the transition state, leading to 
higher cyclization rate constants. 
3.12 SUMMARY OF RESULTS 
The application of radical chemistry to macrocycle synthesis has been investigated, 
specifically where intramolecular addition of a carbon-centred radical onto an activated 
double bond is the ring-forming step. The initial synthetic work was a direct extension of 
Porter's 140•142•143•192 methodology, where a suitably functionalised acrylate ester of a 
polyethylene glycol was used as the acyclic radical precursor. The acrylate ester was 
chosen as the unsaturated moiety, as radical attack was expected to proceed entirely in an 
endo fashion, attacking the terminal end of the alkene. 
Several computer modelling studies were carried out, and the results from these led to the 
prediction that radical macrocyclization of a polyethylene glycol-like radical would be 
substantially more rapid than cyclization of the corresponding hydrocarbon analogue. 
This result was subsequently borne out experimentally. The synthetic studies were 
undertaken, culminating in the synthesis of three homologous macrocyclic lactones. The 
macrocyclization reaction was studied in detail to optimise this conversion, and to 
investigate how various factors altered the efficiency of this reaction. An investigation of 
the template effect in radical macrocyclization systems was also undertaken. Although 
macrocycle yield increases were observed in some cases, no obvious trend with ion 
radius or macrocycle size could be inferred. 
A kinetic study of radical macrocyclization of the acrylate system met with some success, 
and although accurate Arrhenius parameters could not be calculated due to the complexity 
of the system, an estimate could be made for the rate of cyclization. This was shown to 
be significantly higher than the rate constants quoted by Porter et al. , 140•142•143•192 for 
similar all-carbon cases. 
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CHAPTER 4 : SYNTHETIC STUDIES TOWARDS 
FUNCTIONALISED CROWN ETHERS AND 
CROWN LACTONES 
4.1 AIM 
Once the synthesis and optimal cyclization conditions for the simple acrylate system had 
been explored as described in Chapter 3, the further aim of this work was to extend the 
radical macrocyclization technique to the synthesi of functionalised macrocycles. 
Specifically, the synthesis of macrocycles containing a functional group external to the 
macrocyclic ring which could then be used as a suitable point of attachment for a "tether" 
was investigated. Macrocycles of this type are extremely useful, as the attachment of 
redox-active, photo-active, chromophoric, pH sensitive or other compounds leads to the 
development of macrocycles with extremely interesting and useful properties, as 
described in Section 3.2. 276•277 •279 
Another aim of this work was to synthesize true crown ethers rather than crown lactones 
by a radical macrocyclization route. The synthesis of crown ethers was considered 
desirable as crown lactones may be hydrolysed to the corresponding acyclic carboxylic 
acids , whereas crown ethers contain no ester linkages and are not susceptible to 
hydrolytic ring opening. To achieve a synthesis of this type of macrocycle, the coupling 
of the polyethylene glycol chain and the un aturated moiety to form the macrocycle 
precursor must be achieved by a carbon-carbon or ether linkage rather than an ester 
linkage (as was made use of in the ynthesi of the acrylate derivatives described in the 
preceding chapter). The synthesi is further complicated becau e removal of the (, ter 
functionality in the chain al o removes the activating group that promotes radical 
cyclization onto the double bond. Hence the double bond must be activated by another 
functional group, which may also function a the point of tethering. 
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In the initial stages of this work a fumarate derivative was chosen for study. This was a 
direct extension of the acrylate systems described in the previous chapter; the cyclization 
of fumarate derivatives has also been investigated by Porter et al. 142 The use of a 
fumarate ester rather than an acrylate ester as the unsaturated moiety in the radical 
· precursor results in the incorporation of an additional ester group into the macrocycle, 
which can be used as the point of attachment of a tether. However, similar to the use of 
an acrylate ester, it also results in the formation of a macrocyclic lactone rather than a 
macrocyclic ether. 
Methodology identical to that described in r--'\ r--'\ r--'\ I'\ -r 
I O O O 0 Section 3.8 for the synthesis of the 
acrylate derivative 183 was used to 183 
0 
synthesize the corresponding fumarate derivative 219, as is illustrated in Scheme 65 
below. 
r--'\ r--'\ r--'\ I'\ 
TsO O O O OH 
CO2Et CJ---07 + 
0 
CO2Et 
r--'\ I'\ I'\ I'\ ~ 
TsO O O O o--{ 
0 j ,:,~., 
Scheme 65 
193 
218 100% 
219 90% 
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Fumaryl chloride monoethyl ester 217 was prepared by treatment of fumaric acid 
monoethyl ester with oxalyl chloride and a catalytic amount of N,N-dimethyl formamide 
(DMF) in benzene, as described by Barton et al. 374 The monotosylate 193 was then 
treated with fumaryl chloride monoethyl ester 217 and Hi.inig's base in dichloromethane 
to form the fumarate ester 218 in quantitative yield. The fumarate 218 was then treated 
with anhydrous sodium iodide in acetone 142 to displace the tosylate and form the iodide 
219 in 90% yield. Recovered tosylate 218 was the only other compound isolated from 
this reaction. 
The acyclic reduction product 220, expected to be formed by the reduction of the iodide 
219 with tributyltin hydride, was prepared independently (Scheme 66) for use as an 
authentic GC standard in the analysis of cyclization reaction mixtures. It was prepared in 
one step by treating the monoethyl ether 208 (the synthesis of which is described in 
Section 3.8) with fumaryl chloride monoethyl ester 217 and Hi.inig's base in 
dichloromethane to form the fumarate 220 in 79% yield. 
~/'\/\~ 
0 0 0 OH 
208 
· C02Et F 211 
ClOC 
220 79% 
Scheme 66 
All radical cyclization reactions of the iodide 219 (Scheme 67) were carried out in the 
presence of hexadecane as an internal standard, and yields were calculated by GC 
analysis of the crude reaction mixtures. As described in Section 3.9, detector response 
factors for the various products were calculated by the GC analysis of a sample 
containing known amounts of authentic samples of the iodide 219, the cyclization 
products 221 and 222, the direct reduction product 220 and hexadecane. 
219 
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0 
(0 
0 0 
~o~ 
222 1: 1 
Three types of cyclization experiments were undertaken as described below, analogous to 
those described in Section 3.9 for the cyclization of acrylate 183. 
Reaction Type A. A solution of the iodide 219 and either tributyltin hydride or 
tris(trimethylsilyl)silane (1.1 equivalents, O.OlM) and an internal 
standard (1 equivalent) in dry degassed benzene was heated to reflux. 
The initiator (AIBN, 0.1 equivalents) in benzene was added, and the 
reaction mixture was kept at reflux for 2h before being cooled and 
analysed by GC. 
Reaction Type C. A solution of the iodide 219, tributyltin chloride (0.01 equivalents), 
sodium cyanoborohydride (1.1 equivalents) and the internal standard 
(1 equivalent) in dry degassed t-butanol was heated to reflux . A 
solution of the initiator (AIBN, 0.1 equivalents) in t-butanol was 
added every hour for 6h, after which time the reaction was kept at 
reflux for a further 2h, cooled and analysed by GC. 
Reaction Type D. As for Reaction Type A, with sodium tosylate (4 equivalents) added to 
the reaction mixture containing the iodide 219. The reaction mixture 
was kept at reflux for 30 min before the addition of any initiator. 
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The results of these reactions are displayed in Table 8 below. All yields (both isolated 
and those determined by GC) quoted below are for the mixture of the two macrocyclic 
isomers 221 and 222, present in an approximately 1: 1 ratio. 
Reaction [Bu3SnH]i [(Me3SihSiH]i Yield 221 and Yield 221 and Yield 220 
Type M M 222 % (GC) 222 % (isolated) % (GC) 
1 A 0.01 71 58 6 
2 A 0.01 28 25 0 
3 C catalytic 69 35 16 
4 D 0.01 34 8 
Table 8 Product distribution for the reaction of the iodide 219 with tributyltin hydride. 
All attempts to cyclize the iodide 219 led to a mixture of macrocyclic products, the result 
of both endo (221) and exo (222) cyclization. These isomers always appeared to be 
present in close to a 1: 1 ratio, as ascertained from comparison of GC peak areas for these 
two compounds. A necessary assumption in this analysis is that the two isomers have 
identical detector response factors , which is reasonable, given their identical molecular 
formulae, structural features and functional groups. These isomers were separable only 
by gas chromatography, and could not be unambiguously distinguished from each other 
by one dimensional 1H NMR or 13C NMR spectroscopy, or by electron impact mass· 
spectrometry. However, the mixture of these two compounds could be unambiguously 
identified as the two macrocyclic products. The 13C NMR spectrum of the mixture 
showed doubling of all the peaks expected for a macrocyclic product, i.e. , two methyl 
signals, four methylene signals between 8 30.57 and 8 36.80, due to methylene carbons 
adjacent to carbon, two methine signals, sixteen methylene signals between 8 60.60 and 
8 71.58, due to methylene carbons adjacent to oxygen, and four carbonyl signals. A 
mass spectrum of the mixture showed a protonated molecular ion at m/z 305. A GC-
mass spectral analysis was successful in providing a separate mass spectrum for each 
compound in the mixture, and both spectra displayed a protonated molecular ion at m/z 
305, as well as very similar fragmentation patterns, confirming the isomeric nature of the 
two products. 
Unlike acrylate double bonds, fumarate double bonds are unbiased on electronic and 
steric grounds. Nevertheless , work by Porter et al., 142 showed that radical 
macrocyclization onto fumarate double bonds occurred with a selectivity as high as 5: 1 
endo : exo for medium sized macrocycles (around 15 atoms), with selectivity decreasing 
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to 1: 1 exo : endo for larger macrocycles (20 atoms). It is interesting to note that in the 
polyether-fumarate case studied here, the macrocycle formed is 15-membered (endo) or 
14-membered (exo), but there appeared to be little or no selectivity in the mode of ring 
closure. This lack of selectivity compared to Porter's example for the same ring size 
probably reflects the greater flexibility of the polyethylene glycol chain by comparison 
with the hydrocarbon chain. The polyether chain is thus likely to be able to accommodate 
both the exo and endo transition states for intramolecular radical addition for a given ring 
size with equal facility. 
This explanation is supported by modelling studies carried out with Macromodel366 on 
the polyether-fumarate system. The exo and endo isomers 222 and 221 had an energy 
difference of only 0.57 kcal mor 1 between the two isomers, showing that the 
thermodynamic preference for one product over another is negligible. 
0 
(0 
0 0 
~o~ 
222 
221 
Stretch: 1.9828 
Bend: 9.3044 
Stretch-Bend: 0.9168 
Torsion: 2. 783 I 
Non-I ,4 VDW:-6.8296 
1,4 VDW: 23 .2948 
Dipole/Dipole: 7.2054 
Total : 38.6578 kcal/ mol 
Stretch: 2.2356 
Bend: 10.8417 
Stretch-Bend: 1.0560 
Torsion: 0.9110 
Non-1,4 VDW -3.4703 
1,4 VDW: 21.3528 
Dipole/Dipole: 6.9798 
Total : 38.0846 kcal/ mol 
However, a study of the corresponding hydrocarbon-fumarate exo and endo isomers 
223 and 224 bowed an energy difference between the two isomers of 2.31 kcal mor 1. 
This energy difference in the ground state of these molecules probably reflects the 
difference in strain energies in accommodating each of the two transition states during the 
radical cyclization, leading to a significant preference for the endo 224 over the exo 223 
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isomer. Calculations based on these ground state products can only provide some 
measure of the heat of reaction if the values obtained are directly related to those for the 
corresponding cyclic radicals. Hence the significant feature of these calculations is not 
the magnitude of the energy difference between the endo isomer 224 and exo isomer 
223, but the fact that the exo isomer 223 is higher in energy, and likely to be formed 
more slowly. Although these figures only represent energies of local rather than global 
minima, since all of the starting geometries for minimisation were similar, the trend is 
. significant. 
0 
223 
224 
Stretch: 2.2459 
Bend: 8.8086 
Stretch-Bend: 0.9307 
Torsion : 5.6961 
Non-1,4 VDW:-4.8592 
1,4 VDW: 18.6129 
Dipole/Dipole: 4.4530 
Total: 35.8880 kcal/ mo! 
Stretch: 2.1666 
Bend: 9.2134 
Stretch-Bend: 0.9725 
Torsion: 2.3713 
Non-1,4 VDW:-2.8810 
1,4 VOW: 16.8396 
Dipole/Dipole: 4.8988 
Total : 33.5812 kcal/ mo! 
The results in Table 8 are quite similar to those obtained for the acrylate system 
investigated in Chapter 3. Cyclizations carried out with tributyltin hydride (experiment 
1) afford higher yields of the macrocyclic products than do cyclizations carried out with 
tris(trimethylsilyl)silane (experiment 2), but comparable yields are obtained with the 
catalytic tin method (experiment 3). Again, this difference in yield is probably due to 
reactions such as hydrosilylation of the double bond370 competing with carbon radical 
addition. Hydrostannylation of the double bond 177 competes less effectively, and so 
affects the yield of the macrocyclic products to a lesser extent. The presence of sodium 
tosylate in the reaction mixture (experiment 4) seem to hinder the cyclization, in contrast 
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to the slight improvement seen in the cyclization yield of the acrylate system, but the 
reasons for this are not clear. 
It is interesting to note that the acyclic direct reduction product 220 was detected in most 
of these reactions. This is in stark contrast to the results seen in the acrylate system in the 
previous chapter, where the acyclic direct reduction product 214 was never detected in 
reactions at comparable tributyltin hydride concentrations. This implies that the 
cyclization of the fumarate system is slower than that of the acrylate system, and direct 
reduction of the acyclic radical can effectively compete with ring closure. The difference 
in rate between radical addition to acrylate and fumarate double bonds is probably due to 
the fact that in the fumarate case, both ends of the double bond are substituted, and hence 
steric effects lower the rate of radical addition , 141 •357•358 whereas in the acrylate case no 
similar steric or electronic constraints exist on the terminal end of the double bond to 
hinder the addition of the radical at that site . 
From Table 8 it is obvious that the isolated yields are always substantially lower than 
the corresponding yields calculated by GC analysis, and this is true regardless of the 
manner of workup. Several methods of workup have been examined for these reactions, 
and these are described fully in Chapter S. However, removal of tin by the DBU 
workup,243 extraction with pentane / acetonitrile375 or precipitation of tin with potassium 
fluoride376 all lead to lower recoveries of the macrocyclic products than is expected from 
the GC analysis of the reaction mixture. The disparity in isolated and GC yields for 
macrocyclic products has also been noted by Porter et al. 142 
4.3 SYNTHESIS AND CYCLIZATION OF t-BUTYL MALEATE 
DERIVATIVES 
The lack of selectivity displayed by intramolecular radical addition to a fumarate double 
bond, resulting in a 1: 1 mixture of macrocyclic regioisomers, makes the simple fumarate 
derivatives of limited utility in macrocycle synthesis. It was thought that the selectivity of 
radical attack onto the fumarate double bond could be enhanced if a more sterically 
demanding group (such as t-butyl) was used in place of the ethyl ester. It was anticipated 
that the steric bulk of the ester at one end of the double bond would favour addition of the 
radical at the less hindered end. To te t this hypothesis, the ame synthetic sequence a 
described above for the ethyl fumarate derivatives was planned, but with at-butyl ester in 
place of the ethyl ester. Hence fumaric acid mono t-butyl e ter 226 was required as a 
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synthetic precursor. Since selective monoesterification of fumaric acid 225 would be 
difficult, the formation of maleic acid mono t-butyl ester 228 via ring opening of maleic 
anhydride 227 was considered a more straightforward proposition (Scheme 68) . It 
was thought that the Z-substituted double bond of the maleate derivative would undergo 
radical addition in the same manner as the £-substituted double bond of the fumarate 
derivative. 
·--------~ 
225 
o~o 
227 228 
Scheme 68 
Early attempts to prepare the t-butyl ester 228 by reaction of maleic anhydride 227 with 
t-butanol in the presence of DMAP and pyridine,377-379 (Scheme 69) led to the 
formation of a chromatographically inseparable mixture of polar products. 
1Bu0H ________ _ ...,. 
DMAP / Py 
227 228 
Scheme 69 
A procedure described by Fessler and Shriner380 for the synthesis of the mono t-butyl 
ester of phthalic acid from phthalic anhydride was then investigated, as shown in 
Scheme 70. t-Butanol was treated with a solution of ethylmagnesium bromide in 
diethyl ether to generate t-butoxymagnesium bromide 229. This then reacted with maleic 
anhydride 227, attacking it as a nucleophile and opening the anhydride ring, to form the 
t-butyl ester 228 in almost quantitative yield. 
Since t-butyl esters are acid labile, the simplest possible coupling of the maleate 228 with 
the tosylate 193 would have to be direct , rather than via the acid chloride of 228 (as was 
done with the preceding ethyl ester synthe i ). Only one attempt was made to prepare the 
acid chloride 230 of the maleate 228 (Scheme 71), by treatment of the maleate 228 
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with thionyl chloride in an excess of pyridine. However, this resulted in the formation of 
a black tar. 
EtMgBr + 1Bu0H ether 1Bu0MgBr 
227 0 Ho2c~o-f 
229 228 95% 
Scheme 70 
Ho,cJ--o-f SOCl2 ·-----~ Py 
228 
Scheme 71 
Direct coupling methods were then investigated. Coupling of the maleate 228 and the 
tosylate 193 via the formation of a mixed anhydride as described by Brewster and Ciotti 
Jr.381 was attempted, and is shown in Scheme 72 . . The maleate 228 was treated with 
either toluenesulfonyl chloride or methanesulfonyl chloride in pyridine to form the mixed 
anhydride 231, and the tosylate 193 was then added. This reaction was attempted under 
a variety of conditions, but yields of the coup ed product 232 were never higher than 
50%. The other major products isolated from the reaction mixtures were the ditosylate 
194 (when R = Ts), or the mesylate 233 (when R = Ms). 
+ RCI 
Py 
R = Ms or Ts 
1193 
Tsd\f'd\f\--i!r o-f 
232 <50% O O 
+ 
/\ ;-\ j'\ /\ 
TuO O O O OR 
194 R = Ts 
233 R = Ms 
Scheme 72 
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R o o _L 
R~ro\ 
B ROH 231 R = CH3 
The formation of these products can 
be accounted for by the postulate that 
nucleophilic attack of the tosylate 
193 on the mixed anhydride 231 
was not selective and occurred at 
both possible electrophilic sites, or p-CH3-C6H4 
leading in one case to the formation 
of the desired product 232 (route A) and to the disubstituted tetraethylene glycol (route 
B) in the other. The other possibility is that the formation of the mixed anhydride 231 
was incomplete, although this seems unlikely as allowing longer reaction times for the 
formation of the mixed anhydride 231 before the addition of the tosylate 193 did not 
improve the yield of the coupled product 232. 
1,3-Dicyclohexylcarbodiimide (DCC) coupling382 is well known to be a mild method for 
the formation of esters. However, treatment of the monotosylate 193 and the maleate 
228 with DCC in diethyl ether, as shown in Scheme· 73, eventually led to the formation 
of multiple products as ascertained by I H NMR spectroscopy and TLC of the reaction 
mixture, with evidence of only minor amounts of ester formation. 
~ ~ ~ ~ + H02C 0~o_L Tso O O O OH ~ \ 
193 
I 
:occ 
; ether 
t 
228 
~/\/\/\ ;\ _L 
Tso o o o o~ !To\ 
232 O O 
Scheme 73 
However, a DMAP catalysed DCC coupling has also been reported in the literature,383 
and this procedure proved more successful. The DMAP is thought to act in this reaction 
as an acylation catalyst, converting the initially formed DCC adduct into an 
acylpyridinium species which is then attacked by the alcohol nucleophile. The maleate 
228 in dichloromethane was treated with a catalytic amount of DMAP, DCC and the 
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tosylate 193 to form the ester 232 in 65% yield. This and following reactions are 
shown in Scheme 74. 
n=l 193 
n=2 200 
n=3 201 
0 
+ Ho,c~o-f 
n=l 
n=2 
Nal 
acetone j 
n=3 
228 
232 65% 
234 52% 
235 53% 
1/\[~vtro-Q-o-f 
Scheme 74 
n=l 236 97% 
n=2 237 100% 
n=3 238 100% 
This reaction was then repeated with the higher homologue tosylates 200 and 201 to 
give the corresponding esters 234 and 235 in comparable yields. These esters were then 
treated with sodium iodide in dry acetone to give the corresponding iodides 236, 237, 
and 238 in quantitative yields, a shown in Scheme 74 . 
The radical cyclization of these compounds was then investigated (Scheme 75) . 
Reactions of type A and D (as described in Section 4.2) were studied, with yields 
calculated by GC in an analogous manner. The results are described in Table 9 below. 
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n=l 236 
~"" 
n=2 237 BN 
n=3 238 
benzene 
0 0 
o-f o-f (0 (0 
+ 
0 0 0 0 
if°'[ 
n lf0f n 
n=l 239 n=l 240 1: 1 
n=2 241 n=2 242 
n=3 243 n=3 244 
Scheme 75 
Compound no. Reaction [Bu3SnH]i Yield Cyclized 
Type M-1 (GC) % 
236 A 0.01 42 
236 D 0.01 46 
237 A 0.01 40 
237 D 0.01 39 
238 A 0.01 57 
238 D 0.01 54 
Table 9 Macrocycle yields for the cyclization of the iodides 236, 237 and 338. 
Unfortunately, all attempts to cyclize these iodides again led to mixtures of both the endo 
(e.g., 239) and exo (e.g., 240 isomers), in an approximately 1: 1 ratio, as shown in 
Scheme 75 above. These could be ascertained from both GC analysis of the crude 
reaction mixture (again, ba ed on the assumption that the two isomers had identical 
detector response factors), and also by 1H NMR spectroscopy, as the signals due to the 
resonances of the t-butyl groups were distinct from each other and could be integrated. 
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Again, for each of the three homologues the mixture of macrocyclic isomers were 
identified by a doubling of all of the expected signals in their 13C NMR spectra, and also 
of distinctive signals such as the t-butyl peaks in their 1 H NMR spectra. They all showed 
protonated molecular ions in their mass spectra at m/z 333, 377, and 421 for compounds 
239/240, 241/242 and 243/244 respectively. It appeared that the !-butyl ester did not 
provide enough steric compression at one end of the fumarate double bond to force any 
significant selectivity in the addition of the radical to the double bond. 
A slight increase in yield with increasing ring size was noted, but it was not as apparent 
as the trend seen in the acrylate system for different ring sizes. The absolute yields for 
the cyclization of the t-butyl esters were also lower than the yield for cyclization of the 
corresponding ethyl fumarate derivative. The reasons for this are unclear but may be due 
to the lower stability of the t-butyl ester as compared to the ethyl ester, leading to possible 
decomposition of both the acyclic precursor and the macrocyclic product under the 
reaction conditions used to effect cyclization. The presence of sodium ions in this system 
seems to have little effect on the yield of cyclized product, as evidenced by the extremely 
small differences in product yield between reaction types A and D for a given macrocycle 
size, shown in Table 9 above. 
4.4 SYNTHESIS AND CYCLIZATION OF a-BROMOMETHYL 
ACRYLATE DERIVATIVES 
As both the ethyl fumarate derivative and the t-butyl maleate derivatives described in the 
previous two sections cyclized without regioselectivity to give both the endo and exo 
cyclization products, further systems were investigated. An activated alkene was 
required that was electronically and sterically biased to favour radical addition at one end 
only (such as an acrylate ester), while still providing an additional functional group for a 
point of tether attachment. Another aim was to synthesize a precursor containing no 
lactone linkages in the chain so that the resultant macrocycle would not be susceptible to 
hydrolytic ring opening. 
To this end, the following synthesis was embarked upon . Ethyl a-bromomethyl acrylate 
247 was prepared according to the procedure of Villieras and Rambaud.384 Triethyl 
phosphonoacetate 245 was treated with formaldehyde and potassium carbonate in water 
to give ethyl a.-hydroxymethyl acrylate 246 in 61 % yield. This was then treated with 
Chapter4 120 
phosphorus tribromide in ether to give ethyl a-bromomethyl acrylate 247 in 84% yield, 
as outlined in Scheme 76. 
0 
EtO,11 H2CO 
.,,,P~ H20IK2C03 
_}-co2Er 
EtO CO2Et HO 
245 246 61 % I PB,, 
ether 
Br 
_}-co,Et 
247 84% 
Scheme 76 
The monotosylate 193 was first treated with ethyl a-bromomethyl acrylate 247 and 
potassium carbonate in acetone, and then with sodium iodide, as shown in Scheme 77, 
to afford the iodide 248 in 73% yield. 
/\/\/\/\ 
TsO O O O OH 
j I . K2C03/acetone 247 2. Nal 
EtO2C 
/\/\/\/\ ~~ 
I O O O 0~ 
Scheme 77 
193 
248 73% 
The acyclic reduction product 249 expected to be formed by the direct reduction of the 
iodide 248 with tributyltin hydride, was synthesized independently for use as an 
authentic GC standard in subsequent analyses of cyclization reaction mixtures. This 
synthesis is outlined in Scheme 78. The monoethyl ether 208 wa treated with ethyl 
a-bromomethyl acrylate 247 and potassium carbonate in acetone, to afford the acrylate 
249 in 53% yield. This yield may be lower than that for the corresponding reaction with 
the monotosylate 193 as the starting material, because sodium iodide was not present in 
the reaction mixture. It is thought that iodide ion may catalyse the SN2 reaction by 
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replacing the bromide in ethyl a-bromomethyl acrylate, making it more susceptible to 
nucleophilic attack as the iodide is a better leaving group. 
~ I\ I\ I\ 
0 0 0 OH 
208 
j Br_}- C02Et 
K2C03 
Acetone 
Et02C ~ I\ I\ I\ ~ )=::: 
0 0 0 o--f 
· 249 53% 
Scheme 78 
247 
A solution of the iodide 248, tributyltin hydride (1.1 equivalents, 0.0lM) and the 
internal standard (hexadecane, 1.0 equivalents) in benzene was heated to reflux, at which 
point a solution of the initiator (AIBN, 0.1 equivalents) in benzene was added. The 
solution was kept at reflux for a further 2h before being cooled and analysed by GC 
(Scheme 79) . This reaction was also carried out with sodium tosylate (4 equivalents) 
present in the solution containing the iodide 248. In this case the solution was kept at 
reflux for 30 min before addition of the initiator solution. 
248 
250 
Scheme 79 
The iodide 248 cyclized to give exclusively the product of endo cyclization, the 
macrocycle 250, as expected. Thi could be ascertained by analysis of the I H and 13C 
NMR spectra of the product. These confirmed the presence of eleven methylene 
resonances, a methine resonance and a methyl resonance, as expected for the endo 
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isomer, rather than the ten methylene resonances, one methine resonance and two methyl 
resonances expected for the exo isomer. It also showed a protonated molecular ion in the 
mass spectrum at mlz 291. However, the yield of this compound as analysed by GC was 
only 23% in the absence of sodium ions, and 35% in the presence of sodium tosylate. 
None of the directly reduced product 249 was detected by GC, or isolated, to account for 
the remainder of the mass. This low yield is extremely surprising, especially when 
compared to the higher yields obtained for the acrylate system. As in the acrylate system, 
the a-methyl acrylate derivatives favour the addition of radicals to the terminal end of the 
alkene, on both steric and polar grounds. This is indeed observed, with the endocyclic 
product the only macrocycle isolated. However, it does not account for the low yield. 
The a-methyl substituent is not likely to deactivate the double bond. When this 
cyclization was carried out on a larger scale (0.7g of iodide rather than 50mg), in the 
presence of sodium tosylate, the macrocycle 250 was isolated in 87% yield, again with 
no evidence for the formation of the directly reduced acyclic reduction product 249. In 
order to resolve the discrepancy between the small and large scale reactions, the large 
scale reaction was repeated a further two times and on each occasion gave a yield of the 
order of 87%. The lower yield for smalier scale cyclizations and the absence of directly 
reduced acyclic material leads to the suggestion that in these reactions the macrocycle is 
conceivably being formed in quite high yields, but is then undergoing decomposition of 
some kind during workup and purification, and even during injection of reaction mixtures 
into a gas chromatograph (as GC yields are consistently low). It is postulated that 
decomposition is occurring in a "reverse-Michael" fashion , as illustrated in Scheme 80 
below. 
C02Et 
:B (0 ~ 
0 0 
~o~ 
250 
Scheme 80 
Chapter4 123 
The macrocycle 250 is the only compound studied in this series so far to possess an 
acidic hydrogen P to an alkoxy substituent, and is the only one where decomposition 
seems to be a problem. 
Although the stability of the macrocycle 250 is questionable, this result is significant as it 
afforded for the first time in this study a macrocycle containing an external functional 
group suitable for the attachment of other molecules, and without any lactone 
functionality present in the ring. 
4. 5 SYNTHESIS AND ATTEMPTED CYCLIZATION OF METHYL 
PROPIOLATE ADDUCTS 
The synthesis of another macrocycle capable of "tethering" to other organic molecules 
was next considered. The absence of a potentially weak lactone linkage in the ring was 
desired, as was achieved in the synthesis of the rriacrocycle 250. However, a further 
aim was to create a macrocycle with fewer consecutive carbon atoms in the macrocyclic 
ring. The macrocycle 250, for example, contains five consecutive carbons in the ring. 
Fewer consecutive carbons in the chain is considered desirable as it allows for the 
incorporation of more donor groups for a given · ring size (leading to better ·ion 
complexation characteristics). It al o creates a closer structural resemblance between the 
macrocycle and the corresponding crown ether, and thus its metal binding capabilities 
should be similar to that of the crown ether. 
The synthesis of the macrocycle precursor was straightforward, and is shown in 
Scheme 81. Initially, the tosylate 193 was treated with methyl propiolate and a 
catalytic amount of N-methyl morpholine in refluxing ether.385 However, only starting 
material was recovered under these conditions. With a change of solvent to t-butanol at 
reflux (and hence a change of reaction temperature from 35°C to 82°C), a quantitative 
yield of the methyl ester 251 was obtained, entirely as the trans isomer. This could be 
ascertained from the 1H NMR spectrum of this compound, as the two vinyl doublets at 
o 5.18 and 7.57 had a coupling constant of 12.6 Hz. This is of a magnitude consistent 
with a trans vicinal rather than a cis vicinal coupling. The methyl ester 251 was then 
treated with sodium iodide in acetone to afford the required iodide 252 in 90 % yield. 
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Tso O O O OH 193 
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Scheme 81 
The acyclic reduction product 253 expected to be formed by the reduction of the iodide 
252 with tributyltin hydride was synthesized independently (Scheme 82), for use as a 
GC standard for subsequent analyses of cyclization reaction mixtures. The monoethyl 
ether 208 was treated with methyl propiolate and a catalytic amount of N-methyl 
morpholine in refluxing t-butanol to give the desired methyl ester 253 in 98% yield. 
208 
l H =::: CO2Me N-methylmorpholine 1Bu0H 
253 98% 
Scheme 82 
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Cyclization of the iodide 252 was attempted with tributyltin hydride ( 1. 1 equivalents, 
O.OlM), in both the presence and absence of sodium tosylate (Scheme 83). GC 
analysis of the crude reaction mixtures showed no evidence for the formation of the 
macrocyclic product 254, the major isolated product being the acyclic product of direct 
reduction 253, present in 76% yield in the absence of sodium tosylate and 82% yield in 
its presence. 
j Bu3S0H 
253 76% 
Scheme 83 
Yl ( 0) 
0 0 
\_J 
254 
A reaction was carried out with syringe pump addition of tributyltin hydride ( 1.1 
equivalents in 10ml benzene over 3 h) to ensure extreme dilution conditions (hence 
favouring cyclization over direct reduction of the acyclic radical ). However, this 
experiment did not show any evidence for formation of the macrocyclic product 254. 
This result implies that radical addition to the vinylogous ester is no longer competitive 
with direct reduction of the acyclic radical. Although the double bond is activated 
towards the addition of nucleophilic radicals by the electron withdrawing ester group, the 
oxygen substituent is an electron donor and hence deactivating. In addition, radical attack 
is likely to be much slower than addition to the terminal end of an alkene, as both ends of 
the double bond are monosubstituted. It is likely that the combination of these two effects 
lowers the rate of radical addition to the alkene to the point where it can no longer 
successfully compete with direct reduction of the acyclic radical. 
The rate retarding polar effect exerted by the alkoxy substituent can be rationalised by the 
application of frontier molecular orbital theory . The frontier orbital interactions in this 
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system are those of the alkyl radical semi-occupied molecular orbital (SOMO) with the 
highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital 
(LUMO) of the alkene. For reactions involving alkyl radicals the SOMO is of a high 
enough energy that the SOMO-LUMO interaction is the most significant.386 Electron 
withdrawing substituents lower the LUMO energy of the alkene, thus decreasing the 
SOMO-LUMO energy difference, and increasing the rate of addition of free radicals.387 
Conversely, electron donating substituents such as alkoxy groups raise the LUMO 
energies of alkenes, increasing the SOMO-LUMO energy difference and decreasing the 
rate of the radical addition. 
Cyclization of the iodide 252 was then attempted by the atom transfer method,243 as 
shown in Scheme 84. This method is of prime importance in synthesis as it does not 
make use of tributyltin hydride, or a si!llllar reducing agent. Hence, direct reduction of 
the acyclic radical is no longer a competing reaction. 
/\ ;-\ ;-\ ;-\ f C02Me 
I O O O 0 
·--------~ 
/iv 
252 
/iv 
Scheme 84 
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Under atom transfer conditions, initiation is believed to involve photolytic cleavage of a 
carbon-iodine bond to give a carbon-centred radical and atomic iodine, which is trapped 
by hexabutylditin . The carbon-centred radical can then rearrange, in this case by 
cyclization onto the double bond. The product radical then abstracts iodine from the 
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starting iodide to generate the product and regenerate the starting radical. For an atom 
transfer chain reaction to succeed, both the rearrangement reaction and the atom transfer 
step must be relatively rapid and exothermic. The addition step usually meets these 
criteria in intramolecular additions such as this reaction, as a strong cr bond is formed at 
the expense of a 7t bond. However, the atom transfer step only succeeds when the 
adduct radical site is less resonance stabilised than the initial radical site. 
'In the case under study, a cyclization reaction carried out under atom transfer cyclization 
conditions resulted in the complete recovery of staring material after two days. The 
failure of this reaction may be due to the fact that the double bond is too deactivated 
towards radical attack for radical macrocyclization to be a reasonable proposition, or it 
may be due to the failure of the atom transfer step, as the initial radical site is probably 
less resonance stabilised than the product radical site. 
4.6 ATTEMPTED SYNTHESES OF OTHER MACROCYCLE 
PRECURSORS 
The syntheses of several other macrocycle precursors were investigated. These all 
possessed an external functional group suitable for the attachment of a tether and a double 
bond activated to radical attack preferentially at one end. In addition, these precursors 
pos essed no ester linkages to be incorporated into the ring. 
One of the chosen target radical precursors was designed as a direct extension of the 
methyl propiolate adduct 252 study, de cribed in the preceding section. It was thought 
that if the double bond was not sufficiently activated towards radical attack due to the 
presence of the alkoxy substituent, the addition of a further activating group may counter 
this effect. Hence it was thought that compounds of type 255, containing two activating 
ester group , would be more activated towards nucleophilic radical attack than 
compounds of type 256. 
C02Me M 
RO C02Me 
C02Me F 
RO 
255 256 
Radical cyclization of the bromide 257388 was first inve tigated a a model reaction, as 
hown in Scheme 85. 
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257 258 85% 
Scheme 85 
The bromide 257 cyclized in 85% yield when treated with 0.01M tributyltin hydride in 
refluxing benzene to give exclusively the product of exo cyclization, the substituted 
tetrahydrofuran 258, as expected for the cyclization of a 5-hexenyl radical. 
Having successfully demonstrated the cyclization of the model compound, the synthesis 
of the corresponding polyethylene glycol precursor 261 was investigated (Scheme 86). 
The dibromide 260 was prepared by treatment of the ditosylate 194 with lithium 
bromide in anhydrous acetone, and was isolated in 98% yield. Initially the alcohol 259 
was treated with the dibromide 260, DMAP and Hiinig's base in dichloromethane. 
;\/\/\/\ 
Br O . 0 0 Br 
259 260 
I 
:DMAP 
,. 
: 
1Pr2NEt 
t 
MeO2CYi CO2Me 
( /\/\/\/\ 
0 0 0 0 Br 
261 
Scheme 86 
Unfortunately these condition led to a large mixture of products as assessed by TLC 
analysis of the crude reaction mixture. This is surprising, as these conditions are 
identical to those used to prepare the model bromide 257 from the alcohol 259. The 
coupling reaction was next attempted with potassium carbonate in acetone, but these 
conditions also led to the formation of a complex mixture. In all of these reactions, TLC 
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analysis of the reaction mixture showed (in addition to the formation of many other 
products), the appearance of a large UV active spot. However, this spot always 
disappeared during chromatography, suggesting that one of the major products formed 
during this reaction was unstable to chromatography on silica. To test the hypothesis that 
the unstable product was in fact the radical precursor 261, the alcohol 259 was treated 
with the dibromide 260, DMAP and Hi.inig's base in dichJoromethane, and the resultant 
crude reaction mixture was worked up (but not purified by chromatography) and was 
then subjected to radical cyclization conditions (treatment with 0.01M tributyltin hydride 
and AIBN in refluxing benzene) (Scheme 87). However, these conditions led to a 
complex mixture of products by TLC, and I H NMR spectroscopy of the crude mixture 
showed no evidence for the formation of the desired macrocycle 262. 
259 
• 
262 
~r--'\r--'\;---'\ 
Br O O O Br 
I . DMAP I iPr2NEt 
2. Bu3S11H 
260 
Scheme 87 
In retrospect, the successful synthesis of the macrocycle 262 was rather unlikely. Even 
if the necessary precursor 261 could be synthesized without incident, cyclization to 262 
i still less probable than cyclization of the other macrocycle precursors studied . 
Although polar effects (due to the two ester substituents) favour radical addition, steric 
compression due to the large number of substituents on the double bond may still reduce 
the rate of addition to a synthetically useless level. An example of this is given by Porter 
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et al., 142•143 as illustrated in Scheme 88, who showed that the malonate system 263, 
designed to favour exo cyclization similar to the system above, reacted with tributyltin 
hydride to give predominantly the product of direct reduction 264, despite the activation 
of the double bond. 
263 264 
Scheme 88 
Another method of making compounds of type 256 more activated towards nucleophilic 
radical attack is to avoid the direct attachment of an electron donating alkoxy substituent 
to the double bond. Hence compounds of the type 265 should be more activated 
towards radical attack than compounds of type 256. 
256 265 
In accord with this reasoning, the synthesis of 4-substituted methyl crotonates was 
investigated. 4-Bromomethyl crotonate 267 was prepared exactly as described by 
Tufariello and Tette,389 by treatment of methyl crotonate 266 with NBS in refluxing 
carbon tetrachloride, as shown in Scheme 89. 
NBS 
(BzOh 
266 267 68% 
Scheme 89 
The synthesis of the corresponding polyethylene glycol derivative 268 was then 
undertaken. The tosylate 193 and 4-bromomethyl crotonate 267 were treated with 
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potassium hydroxide in DMSO as described by Johnstone and Rose390 (Scheme 90), 
but no reaction was observed and unchanged tosylate 193 could be recovered from the 
reaction mixture. 
B,Fco,Me + /\/\/\/\ 
TsO O O O OH 
267 
:KOH 
:DMSO 
I 
193 
t C02Me 
/\/\/\/\ ;==I 
Tso o o o o__/ 
268 
Scheme 90 
This reaction was also attempted with potassium carbonate in acetone, but both starting 
materials were recoverable after the mixture had been at reflux for 24 h. The same 
experiment was then carried out in methyl ethyl ketone rather than in acetone (to raise the 
reflux temperature from 56°C to 80°C), and sodium iodide was also added to the reaction 
mixture (in addition to the potassium carbonate). It was hoped that the sodium iodide 
would catalyse the SN2 reaction by displacing the alkyl bromide and forming the alkyl 
iodide, which would provide a better leaving group. However, the only major product 
isolated from this reaction was the iodoalcohol 269, with a large number of minor 
products also present. 
I\ 
/\/\/\/\ 
I O O O OH 
( 0) 
0 0 
\_/ 
269 155 
A stronger base was then employed in this reaction. Reaction of the tosylate 193 and the 
bromide 267 with sodium hydride in THF led to a mixture of the starting tosylate 193 
and 12-crown-4 155, as determined by 1H NMR spectroscopy. The crown ether was 
probably formed by intramolecular nucleophilic attack of the alkoxide ion, formed from 
the alcohol 193, on the tosylate. 
In view of the remarkable stability of the bromide 267 to nucleophilic attack, a series of 
reaction were carried out in the presence of silver salt , in the hope of displacing the 
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bromide with an oxygen nucleophile and forming silver bromide. Initially the tosylate 
193 and the bromide 267 were treated with silver tetrafluoroborate in dichloromethane 
' 
as shown in Scheme 91 . 
/\/\/\./\ 
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Scheme 91 
After 24 hat room temperature, the desired ether 268 was isolated in 14% yield, together 
with unreacted tosylate 193 and the bromide 267. This reaction was repeated with silver 
acetate (a more soluble silver salt) in THF. However, after 24 hat reflux, no evidence 
for the formation of the ether 268 was seen by TLC of the crude reaction mixture. 
Since it was obvious that the bromide 267 was relatively stable to nucleophilic attack 
even in the presence of silver salts, it was decided to reverse the direction of nucleophilic 
attack. In this manner, the alkoxide formed from the alcohol 270 might be able to 
displace the iodide of the diiodide 271 , to form the coupled iodide 272 (Scheme 92). 
/\/\/\/\ 
I O O O I 
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Scheme 92 
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The alcohol 270 was prepared by treatment of the bromide 267 with silver oxide in 
water as described by Tufariello and Tette,389 and was isolated in 54% yield. The 
diiodide 271 was prepared by treating the ditosylate 194 with sodium iodide in dry 
acetone, and was isolated in 87% yield (Scheme 93) . 
/\/\/\/\ Nal /\/\/\/\ 
TsO O O O OTs acetone I O O O I 
194 271 87% 
Scheme 93 
-
The iodide 271 was then treated with the alcohol 270 and potassium carbonate in 
acetone, as shown in Scheme 94. Even after 3 days at reflux, almost all of the starting 
materials could be recovered. 
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Scheme 94 
Reaction of the iodide 271 with the alcohol 270 and silver tetrafluoroborate led to a 
complex mixture of products after 48 h at reflux . Similar re ults were also obtained 
when potassium hydride or odium hydride were u ed as base. 
In light of the continuing difficulty encountered in the formation of allyl ethers via 
nucleophilic attack, the possibility of forming the necessary unsaturated moiety via Wittig 
Chapter4 134 
chemistry was investigated. It was postulated that if the tosylate 193 could be oxidised 
to the aldehyde 273, this could then be treated with the ylide formed from sodium 
hydride and trimethylphosphonoacetate to form the allyl ether 274 (Scheme 95) . 
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Oxidation of the tosylate 193 was attempted with both Dess-
Martin reagent (periodinane 275 )391 · 393 and pyridinium 
chlorochromate (PCC),394 but in both cases no reaction occurred 
at room temperature, and upon prolonged heating of the reaction 
mixture a complex mixture of products formed . No evidence wa 
found for the formation of the desired aldehyde 273, as no signal 275 
attributable to the aldehyde proton could be seen in the 1H NMR spectrum of the crude 
reaction mixture . Given that the oxidation of the tosylate 193 was problematic, the 
approach to allyl ethers via Wittig chemistry was not pursued further. 
4. 7 SYNTHESIS OF MACROCYCLES VIA SEQUENTIAL INTER-
AND INTRAMOLECULAR RADICAL ADDITION 
It is conceivable that in addition to macrocycle formation by intramolecular radical attack 
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on an alkene (simple cyclization), macrocycle formation could also occur via sequential 
radical addition of a difunctional reagent onto an alkyne (capping) . This approach was 
briefly investigated. 
Initially a mixture of methyl propiolate and the dibromide 260 was treated with two 
equivalents of tributyltin hydride, with the intention of preparing the macrocycle 276, as 
shown in Scheme 96. 
; 
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Scheme 96 
Unfortunately the major products of this reaction were the directly reduced polyethylene 
glycol 278 and a tin containing compound, tentatively assigned as the product of 
hydrostannylation of methyl propiolate , namely the vinyl stannane 2 77 . 
Hydrostanny lation of triple bonds is known to be a quite rapid reaction, 395 so the 
reaction was repeated with the diiodide 271 in the hope that alkyl radical formation 
would occur more rapidly, and hence radical addition might then be competitive with 
hydrostannylation of the alkyne. Unfortunately, the same two major products were 
isolated in this case, indicating that hydrostannylation is more rapid than radical addition 
to the alkyne. 
Hydrostannylation of terminal alkynes can be prevented by suitable protection of the 
terminal end of the triple bond, and this ha been achieved in the past by the use of silyl 
protecting groups .396 To protect the terminal end of methyl propiolate, it was treated 
with lithium diisopropylamide (LDA) and t-butyldimethylsilyl chloride (TBDMS 
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chloride) to form the silyl protected methyl propiolate 279 (Scheme 97) . This 
compound was stable to silica chromatography and was isolated in 93% yield. It has 
been shown397 that the bulkier TBDMS group is more stable to radical cyclization 
conditions than other groups such as the trimethylsilyl (TMS) group. 
LDA 
TBDMSCI 
TBDMS---C02Me 
279 93% 
Scheme 97 
Although reaction of the diiodide 271 with the protected methyl propiolate 279 and 
tributyltin hydride did not lead to the formation of any hydrostannylation products 
(Scheme 98), the product of direct reduction 278 was the only major compound 
isolated. Unreacted propiolate 279 was also isolated, along with a complex mixture of 
minor products. 
Me02C---TBDMS + 
279 
280 
/\/\/\/\ 
I O O O I 
271 
Scheme 98 
This result implies that radical addition to the alkyne is too slow to compete with direct 
reduction of the alkyl iodide. It is not surprising that radical addition to the protected 
alkyne is slow as the TBDMS group is rather bulky, substantially slowing radical 
addition at that site. 
A further obstacle to the success of this reaction is the fact that radical addition to alkynes 
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has been shown to be slower than radical addition to the corresponding alkenes. 398 It is 
thought that the 1t electrons in the shorter alkyne bond interact more strongly and hence a 
higher activation energy is necessary for the addition process, which involves one of 
these electrons. To describe this in terms of frontier orbitals, the LUMO of alkynes lies 
at a higher level and the HOMO at a lower level than in alkenes,399 hence the energy 
difference between the SOMO of the free radical and the frontier orbitals of the 1t system 
is larger for alkynes than for alkenes, causing radicals to react more slowly with alkynes 
than with alkenes. 
This reaction was next attempted under atom transfer cyclization conditions (Scheme 
99 ), to remove the possibility of competing direct reduction of the iodide 271. 
However, under these conditions no trace of the macrocycle 281 could be observed and 
both starting materials could be isolated from the reaction mixture. 
MeO2C---TBDMS + 
279 
281 
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I - O O O I 
271 
Scheme 99 
This result indicates that radical addition to the alkyne is still not feasible. Since this is 
the case even in the absence of any competing reactions such as hydrostannylation of the 
triple bond or direct reduction of the iodide, the alkyne itself must not be sufficiently 
activated towards radical attack to overcome the steric hinderance afforded by the two end 
groups. The obvious way to overcome this is to remove one of the alkyne end groups, 
thus providing a less hindered end of the bond suitable for radical attack. Methyl 
propiolate was treated with the diiodide 271 under atom transfer conditions to test this 
Chapter4 138 
hypothesis, as shown in Scheme 100. Under atom transfer conditions, direct reduction 
of the iodide cannot occur and hydrostannylation of the alkyne bond is not possible. 
Hence if the triple bond is activated enough towards radical attack, no other reactions 
should interfere with radical addition. 
+ ;\;\;\;\ I O O O I 
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However, even under atom transfer conditions no trace of the macrocycle 282 was 
observed to have formed . As in the earlier example where an atom transfer cyclization 
was attempted (Section 4.5), the failure of this reaction may also be due to the fact that 
the initial radical site is probably less stabilised than the product radical site, causing the 
atom transfer step to be inefficient. 
In the light of the difficulties encountered in thi series of reactions, it seems obvious that 
alkynes are more susceptible to side reactions such as hydrostannylation than are alkenes 
under radical macrocyclization conditions. Unfortunately, steps taken to prevent the 
occurrence of side reactions such as hydrostannylation and direct reduction result in 
deactivation of the alkyne towards radical addition. Although the last attempt at radical 
cyclization by this method, direct addition of the iodide 271 to methyl propiolate under 
atom transfer condition (Scheme 100), was not successful , this approach to radical 
macrocyclization may still be viable. It ha been shown by Curran and Kim400 that under 
atom transfer conditions, poor yields of addition product are obtained when primary 
iodides are used. Reactions with secondary or tertiary iodides proceed in much higher 
yield. They attribute this difference in reactivity to the lower nucleophilicity of primary 
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alkyl radicals compared to secondary or tertiary alkyl radicals, and that this lower 
nucleophilicity leads to a lower addition rate to alkynes. This then causes difficulties in 
chain propagation. The improvement in product yield with the use of secondary or 
tertiary iodides may also be due to the generation of a more stabilised initial radical, thus 
improving the rate of the atom transfer step. Hence this approach to radical 
macrocyclization may still be viable, providing secondary or tertiary iodides are used in 
place of primary alkyl iodides. 
4. 8 INTRODUCTORY TETHERING STUDIES 
As the macrocycle 250 could be synthesized by a radical cyclization method in 
reasonable yield, it was chosen for use in tethering studies. The two aims of this study 
were to attach two macrocycles together by means of a spacer unit, and to attach a 
chromophore to a macrocycle, to demonstrate that these macrocycles can be further 
functionalised and designed for specific purposes. · 
The first step necessary for this work was the removal of the ethyl ester functionality, to 
provide a site for further elaboration. This is shown in Scheme 101 . The ester was 
removed, both by base hydrolysis in methanol to generate the free acid 284 in 84% 
yield, and also by reduction with lithium aluminium hydride in THF to generate the 
primary alcohol 283 in 79% yield (with the recovery of I 0% of the starting ester). 
OH 
(o~' (0~ (0 LiAIH4 KOH 
- -THF MeOH 
0 0 0 0 0 0 
~o~ ~o~ ~o~ 
283 79% 250 284 84% 
Scheme 101 
The structure of the acid 284 was confirmed by comparison of its I H and 13C NMR 
spectra to those of the ester 250, being similar in all respect except for the loss of the 
signals due to the ethyl ester. Its mass spectrum showed a protonated molecular ion at 
m/z 263. The alcohol 283 also displayed similar NMR spectra to those of the parent 
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ester 250, with the noticeable absence of a signal due to the carbonyl group in the 13C 
NMR spectrum, and the appearance of a new signal due to another methylene group at 
o 62.28. The mass spectrum of macrocycle 283 also showed a protonated molecular ion 
at m/z 249. 
Both the acid 284 and the alcohol 283 could conceivably be used to generate more 
highly functionalised macrocycles. However, the alcohol 283 was chosen for further 
study as it can participate in ester formation without the need for further functionalization, 
whereas the acid 284 may need to be converted into an acid chloride or anhydride to 
facilitate ester formation. 
Attaching two macrocycles together by means of a spacer unit was first attempted. 
Adipic acid, bearing a carboxylic acid function on each end, was chosen as an appropriate 
spacer unit. Adipic acid was treated with oxalyl chloride and a catalytic amount of DMF 
in benzene374 to afford adipoyl chloride 285. Two equivalents of the macrocycle 283 
were then treated with one equivalent of the diacid chloride 285 and Htinig's base in 
dichloromethane (Scheme 102). However, even after 48 h, most of the alcohol 283 
(85%) could be recovered unchanged from the reaction mixture. 
(0 
0 0 
~o~ 
283 
(0 
0 0 
~o~ 
+ 
286 
~ COCI 
CIOC 
285 
0) 
0 0 
~o~ 
Scheme 102 
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0 One new product was also isolated 
from the reaction mixture, and analysis 
of its 1H and 13C NMR spectra implied 
that it was probably the product of 
monofunctionalization of adipoyl 
chloride 285, the tethered macrocycle 
287. However, this assignment is 
only tentative, as the compound was 
O~C02H 
(0 
0 0 
~o~ 
prone to decomposition and could not 287 
be fully characterised. The mass spectrum of this compound did show signals of higher 
mass than mlz 249, the protonated molecular ion of alcohol 283, but the molecular ion of 
the likely product 287 (expected at m/z 376) was never observed. The formation of the 
intended bridged macrocycle 286 was likewise never observed. 
The second aim of this work, to attach a chromophore to a macrocycle, seemed to be a 
simpler proposition, and was undertaken in a similar manner. The chromophore chosen 
for tethering to the macrocycle was anthraquinone-2-carboxylic acid 288 . This 
possesses a carboxylic acid suitable for derivatization, and is highly crystalline. 
Anthraquinone-2-carbonyl chloride 289 was prepared by treatment of anthraquinone-2-
carboxylic acid 288 with oxalyl chloride and a catalytic amount of DMF in benzene, as 
described by Barton et al., 374 (Scheme 103). 
0 
CO H 2 (COCl)i 
COCl 
DMF I benzene 
0 0 
288 289 
Scheme 103 
The macrocycle 283 was then treated with the acid chloride 289 and Hi.inig's base in 
dichloromethane to form the macrocycle-tethered chromophore 290 in 45% yield, with 
the recovery of 44% of unreacted macrocycle 283 (Scheme 104). 
The tethered anthraquinone 290 was easily identified by the similarity of its 1 H NMR 
and I 3C NMR spectra to those of the alcohol 283, containing all of the signals due to the 
macrocyclic ring, as well as aromatic resonances due to the anthraquinone. The 
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anthraquinone resonances occurred between 8 7.78 - 8.88 in the l H NMR spectrum, and 
between 8 110.73 - 135.96 in the 13C NMR spectrum. Three carbonyl resonances could 
also be distinguished in the 13C NMR spectrum. The mass spectrum of the tethered 
anthraquinone 290 displayed a molecular ion at mlz 482. 
OH 0 
(0 COCI 
+ 
0 0 
~o~ 0 
283 289 
l'P<,NEt 
CH2Cl2 
0 0 
(0 
0 0 
0 
~o~ 
290 45% 
Scheme 104 
4. 9 COMPLEXATION STUDIES 
As an experiment to test the general utility of the macrocyclic compounds described in 
this thesis , a complexation study was undertaken to determine the relative ability of these 
macrocycles to form stable alkali metal salt complexes. The macrocycles chosen for 
study were the three acrylate derived macrocycles 184 , 206 and 207, and the 
macrocycles 250 and 283, derived from cx-bromomethylacrylate. These were compared 
against 15-crown-5 290 and 18-crown-6 167. 
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184 206 207 
co 
0 0 
~o~ 
250 283 
/\ co 0) 
0 0 
~o~ 
290 167 
These macrocycles were chosen so that a range of ring sizes would be represented, as 
well as a range of macrocycle functionalities - with ether, lactone and alcohol oxygen 
donors present. The metal binding abilities of these macrocycles was determined by the 
use of an extraction technique401 ·403 in which sodium picrate in aqueous solution was 
extracted with a deuterochloroform solution containing the macrocycle under study. 
Sodium picrate was chosen as the sodium ion has an optimum radius to complex fifteen 
membered crown ethers, but should still show appreciable complexation with larger 
macrocycles. The amount of picrate extracted into the deuterochloroform was then 
determined from measurement of the UV absorption of the macrocycle solution, diluted 
to an appropriate concentration in acetonitrile. Several assumptions are inherent in this 
analysis. One is that the macrocycle present in solution does not absorb in the same area 
of the UV spectrum as sodium picrate. This was checked by acquiring UV spectra of 
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blanks - solutions that contained the appropriate macrocycles, but had not come into 
contact with the sodium picrate solution. Another assumption that needs to be made is 
that the macrocycle present does not affect the extinction coefficient of sodium picrate or, 
if it does, that the effect is similar for all the macrocycles studied. The most intense UV 
absorption of sodium picrate undergoes a bathochromic shift when complexed by 
macrocycles, but the absorption maximum was found to be at the same wavelength 
(376nm) for all of the macrocycles studied. The results of the complexation study are 
shown below in Table 10. 
Macrocycle [Macrocycle] Absorbance [Pi crate] M8 [Pi crate lcplx [Pi crate lci2lx 
M at 376nm Mb [Macrocycle] 
184 0.01653 0.302 l.787x10-5 1.291 X 10-6 7.810x10-5 
206 0.01469 0.282 l.669x10-5 1. l60x10-7 7 .923x10-6 
207 0.01445 0.294 l.740x10-5 8.280x10-7 5.730x10-5 
250 0.01579 0.308 l.822x10-5 l.654x10-6 l.048x10-4 
283 0.01620 0.00 
290 0.01720 1.253 7.414x10-5 5.755x10-5 3.346x10-3 
167 0.01248 0.582 3.444x10-5 l.787x10-5 l.432x10-3 
Picrate blank 0.280 l.657x 10-5 
8calculated using Beer's Law, with a cell of path length 1cm, and an extinction coefficient for sodium 
. . . ·1 f 16900 M- 1 -I 40I p1crate rn acetomtn e o cm 
bcalculated by subtracting [Picrate]blank from [Picratelmacrocycle 
Table 10 Results of sodium picrate extraction experiment. 
It is obvious from these results that the metal complexing abilities of the macrocycles 
synthesized by radical routes are substantially lower than those of 15-crown-5 290 and 
18-crown-6 167. This is most likely due to the fact that the acrylate derived macrocycles 
184, 206 and 207 possess a chain of five consecutive carbons, a feature also seen in the 
methylacrylate derivatives 250 and 283 , but not in the crowns 290 and 167 . This 
causes a bulky methylene group to be directed in towards the centre of the macrocycle. 
Not only is this methylene group not able to bind to a metal ion and further stabilise the 
metal complex, as is the case with the crown ethers, it also hinders metal binding at the 
other donor sites by steric hindrance. This problem was first alluded to in Section 3.6 
when different approache to radical macrocyclization were being considered. The main 
problem foreseen with the carbon radical addition to an alkene strategy chosen was that 
the resultant macrocycle formed would have five consecutive carbons in the chain. It is 
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obvious from this complexation study that this structural feature severely reduces the 
ability of these macrocycles to complex metal ions. Unfortunately, further synthetic 
studies aimed at creating macrocycles with fewer consecutive carbons in the chain 
(Sections 4.5 and 4.6) have been unsuccessful. 
It is noticeable that the complexing ability of the macrocycle 250 is higher than those of 
the macrocycles 184, 206 and 207. This may be due to two effects. The macrocycle 
250 possesses an ester group external to the macrocyclic ring which may also participate 
in ion binding, thus improving the stability of the complex. It may also be due to the fact 
that the macrocycle 250 does not contain an ester linkage within the macrocyclic ring. It 
has four ether oxygens available for binding, whereas the macrocycle 184 has only 
three, and an ester oxygen. Ether oxygens are more effective lone pair donors as their 
lone pairs are not involved in bonding to any other atoms or 7t-systems (such as the 
carbonyl group adjacent to an ester oxygen), and this may account in part for the 
difference in metal complexing ability of these two macrocycles. 
The unusual result in the complexation experiment with the macrocycle 283 deserves 
mention. The UV absorbance of the deuterochloroform solution at 376nm was zero, an 
extremely surprising result in the light of the fact that the blank extraction experiment with 
sodium picrate solution had an appreciable UV absorption. The most likely explanation 
for this result is that the macrocycle extracted into the aqueous phase in this case, instead · 
of extracting the sodium picrate into the organic phase. This is highly likely, as the initial 
synthesis of the macrocycle 283 was complicated due to the loss of the product in the 
aqueous workup. The presence of the macrocycle 283 in the aqueous phase in this 
complexation experiment explains the lack of UV absorbance of the deuterochloroform 
solution, as if the macrocycle complexes the sodium ions present in the aqueous phase, it 
is even less likely that the sodium picrate would extract into the organic phase. 
Unfortunately , the water solubility of the macrocycle 283 makes it impossible to measure 
its metal complexation ability by this method. 
4.10 CONCLUDING REMARKS 
The work described in Chapters 3 and 4 has shown that the synthesis of a variety of 
functionalised polyoxygenated macrocycles is possible by a radical macrocyclization 
route. Kinetic studies on the simple acrylate system described in Chapter 3 imply that 
cyclization of a polyethylene glycol-like radical is substantially faster than its hydrocarbon 
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analogue. Due to the nature of the radical chain process, it follows that cyclization of 
polyoxygenated species are likely to proceed in higher yield than the corresponding 
hydrocarbon species, and be less complicated by competing side reactions . These 
consequences make the synthesis of this class of compounds by a radical route an 
attractive proposition. 
It has been shown that the yields of these macrocycles may be enhanced in some cases 
beyond those achieved under optimal radical cyclization conditions by the addition of a 
metal cation to the reaction mixture. However, this effect is not generally observed for all 
ring systems, and shows no observable trend with ion radius or macrocycle size. 
The metal ion binding ability of a range of these macrocycles has been compared to that 
of 15-crown-5 and 18-crown-6, and has been shown to be uniformly inferior. This is 
probably due to the five consecutive carbon _chain present in these macrocycles. 
Although this structural feature is a direct consequence of the radical macrocyclization 
strategy chosen, in future work this problem may be overcome. The synthesis of several 
other macrocycle precursors has been investigated, with the aims of removing any 
potentially hydrolysable functionality in the macrocycle skeleton, providing an external 
group as a point of attachment of a tether, and also of reducing the number of consecutive 
carbons in the chain. Although the aims of removing hydrolysable functionality and of 
producing tethered macrocycles have been met, creating macrocycles with fewer 
consecutive carbons in the chain has met with little success. This has been due either to 
synthetic difficulties in the preparation of the macrocycle precursor, or the reluctance of 
these precursors to cyclize under radical conditions. However, the synthetic approach to 
radical macrocyclization via sequential inter- and intramolecular radical addition still holds 
considerable promise. The study of radical macrocyclization is still relatively new and 
there are many possibilities yet to be explored. 
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CHAPTER 5 : EXPERIMENTAL 
5 .1 GENERAL EXPERIMENT AL 
1 . Melting points were determined on a Reichert hot stage microscope and are 
uncorrected. 
2. Elemental analyses were performed by the Australian National University 
Analytical Service Unit. 
3. Infrared spectra were measured on a Perkin Elmer 683 Infrared 
spectrophotometer, and samples were run as thin films (neat) on sodium chloride 
plates. 
4 . Proton ( 1 H) nuclear magnetic resonance (NMR) spectra were recorded on a 
Varian Gemini 300 spectrometer operating at 300 MHz. Spectra were recorded in 
deuterochloroform (CDC13, 99.8% deuterium incorporation) unless otherwise 
stated. Chemical shifts (8) are reported in parts per million (ppm) relative to an 
internal chloroform standard (CHC13, 8 7.25ppm) followed by their integrated 
intensities (number of protons), multiplicities, coupling constants (J Hz) where 
appropriate, and assignments . Abbreviations used for multiplicities are s 
(singlet), d (doublet), t (triplet), q (quartet), p (pentet), m (multiplet), bs (broad 
singlet), dd (doublet of doublets). First order analyses of spectra were attempted 
where possible, and consequently chemical shifts and coupling constants for 
multipets ·may only be approximate. 
5 . Proton decoupled carbon-13 ( 13C) NMR spectra were recorded on a Varian 
Gemini 300 spectrometer operating at 75 MHz. Spectra were recorded in 
deuterochloroform (CDCI3, 99.8% deuterium incorporation) unless otherwise 
stated. Chemical shifts (8) are reported in parts per million (ppm) relative to an 
internal deuterochloroform standard (CDC13, centre peak of triplet 8 77.0 ppm), 
and the assignment are given in parentheses . The attached proton test 
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experiment404 was used to aid in the assignment of carbon atoms. 
6. Low resolution electron impact (EI) mass spectra were measured on a ZAB2-SEQ 
mass spectrometer at 70eV. The molecular ion (M+) if present, and significant 
fragment ions are reported as their mass / charge ratios (m/z) followed by their 
intensities relative to the base ( 100%) fragment. 
7. Positive chemical ionisation (CI) mass spectra were measured on a ZAB2-SEQ 
mass spectrometer with ammonia as reagent gas. 
8. High resolution mass spectra (HRMS) were measured on a VG Micromass 
7070F double focussing mass spectrometer, with perfluorokerosene as a 
calibrating standard. 
9 . Analytical thin layer chromatography (TLC) was conducted on Merck TLC plates, 
precoated with Merck Kieselgel 60F254 at a thickness of 0 .25mm. 
Chromatograms were visualised under short wave ultraviolet light or upon 
exposure to iodine vapour or spraying with a colour reagent (2% KMnO4 and 4% 
NaHCO3 in water) followed by heating. 
10. Column chromatography was carried out either by flash chromatography on 
Merck Kieselgel 60 (particle size 0.040 - 0.063mm) as described by Still et 
al., 405 or on a model 7924T Chromatotron (Harrison Research), using plates 
coated to 2 or 4mm thickness with a mixture of Merck Kieselgel 60 PF254 and 
calcium sulfate. Analytical reagent (AR) grade·solvents were used as indicated: 
11. Gas liquid chromatography was carried out with either a BPI column (length 
25m, internal diameter 0.32mm; film thickness 0.5µm, stationary phase 100% 
dimethyl siloxane) or a BPl0 column (length 25m, internal diameter 0.22mm, 
film thickness 0.25µm, stationary phase 14% cyanopropylphenyl, 86% dimethyl 
siloxane), with the use of helium as a carrier gas. GC analyses were performed 
on a Varian 3400 gas chromatograph equipped with a flame ionisation detector 
and a Hewlett Packard 3390a reporting integrator. 
12. Tributyltin hydride was prepared and purified according to the method of 
Szammer and Otvos. 173 
13. Solvents and reagents were purified according to well established procedures.406 
Tetrahydrofuran (THF), diethyl ether, and benzene were distilled from sodium 
benzophenone ketyl. Dichloromethane was distilled from calcium hydride. 
Unless otherwise stated, all reactions requiring dry solvents were performed 
under a dry nitrogen atmosphere. All reactions were carried out at room 
temperature, unless otherwise stated. Reaction temperatures refer to external bath 
temperature or refluxing solvent temperature. All organic extracts were dried with 
anhydrous magnesium sulfate and the bulk of the solvent removed under reduced 
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pressure with the use of a rotary evaporator. The last traces of solvent were 
removed under high vacuum. 
14. Identity of samples prepared by different routes were checked by TLC and NMR 
spectra. Yields are given for isolated products showing one spot on a 
chromatographic plate and no impurities detectable in the NMR spectra, unless 
otherwise stated. All samples were prepared as racemates unless otherwise 
stated. 
5. 2 CHAPTER 2 EXPERIMENTAL 
Methyl 4-amino-3-bromobenzoate (89) and methyl 4-amino-3,5-dibromo-
benzoate (90). 
A solution of hydrogen peroxide (11ml , 30% 
aqueous solution, 97mmol) in water ( 110ml) was 6 
added dropwise over 90 min to a stirred solution 
5 
of 4-aminobenzoic acid 86 (15.00g, ll0mmol), 
and hydrobromic acid (125ml, 47% aqueous 
solution, 0.73mol) in water (450ml) at room 
temperature. The mixture was stirred for 16 h, 
89 
Br Br Br 
90 
then the white precipitate of mono- and dibromobenzoic acids thus formed was collected 
and dried. The filtrate was extracted with ethyl acetate (3x50ml). The combined organic 
extracts were dried and the solvent was removed at reduced pressure to afford more of 
the solid mixture of mono- and dibromoaminobenzoic acids. The combined crude acid 
mixture was then dissolved in methanol (80ml) containing sulfuric acid (5ml, 98% by 
weight), and the solution was heated to reflux for 20 h. The resultant clear yellow 
solution was diluted with water (80ml) and adjusted to pH 9 by the addition of sodium 
bicarbonate. The solution was then extracted with ethyl acetate (3x50ml), and the 
combined organic extracts were dried and the solvent was removed at reduced pressure to 
give a mixture of mono- and dibromoaminobenzoic acid methyl esters as a yellow oil 
(21.48g). This mixture was purified by column chromatography [dichloromethane : 
petroleum spirit (1: l)]. The first fraction eluted from the column was methyl 4-arnino-
3,5-dibromobenzoate 90 (9.16g, 28%) which crystallised from petroleum spirit/ 
dichloromethane as colourless crystals, m.p. 129-132°C (lit.407 m.p. 131-132.5°C). 
Microanalysis Found: C, 31.54; H, 2.17; N, 4.50; Br, 51.48%. 
C8H7Br2NO2 require C, 31.10; H, 2.28; N, 4.53; Br, 51.73%. 
IR (NaCl) Umaxfcm- 1 1728, 1615, 1552, 1484, 1439, 1310, 1285, 1200, 1138, 980. 
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1H NMR (300 MHz) 8 3.86 (3H, s, CO2CH 3), 4.99 (2H, bs, NH 2), 8.05 (2H, s, 
ArH). 
13C NMR (75 MHz) 8 52.74 (CO2CH 3), 107 .95 (ArC), 121.46 (ArC), 133 .97 
(ArCH), 146.32 (ArC), 165.60 (CO). 
MS EI m/z (70eV) 311 (M+, 16%), 309 (M+, 34), 307 (M+, 15), 280 (M+-OCH3, 25), 
278 (M+-OCH 3, 50), 276 (M+-OCH 3, 25), 252 (4), 250 (7), 248 (4), 170 (2 1), 168 
(22), 90 (77), 63 (91 ), 62 ( 100). 
The second fraction eluted from the column afforded methyl 4-amino-3-bromobenzoate 
89 (12.89g, 55%), which crystallised from petroleum spirit / dichloromethane as 
colourless crystals, m.p. 107-108°C. 
Microanalysis Found: C, 41.53 ; H, 3.40; N, 6.04; Br, 35.12%. 
C8H8BrNO2 requires C, 41.77 ; H, 3.50; N, 6.09; Br, 34.73%. 
IR (NaCl) Umax/cm-1 3365, 3210, 2950, 1702 (b), 1626 (b), 1440, 1294, 1250. 
lH NMR (300 MHz) 8 3.84 (3H, s, CO2CH 3), 4.54 (2H, bs, NH 2), 6.70 (lH, d, J 
8.4 Hz, ArH ,H-5), 7.76 (lH, dd , J 8.4 Hz, 1.9 Hz, ArH , H-6), 8.09 ( lH, d, J 1.9 
Hz, ArH, H-2). 
13C NMR (75 MHz) 8 51.84 (CO2CH 3), 107.79 (ArC ), 114.18 (ArCH), 120.60 
(ArC) , 130.19 (ArCH), 134.46 (ArCH), 148.12 (ArQ, 166.02 (CO). 
MS EI m/z (70e V) 231 (M +, 51 % ), 229 (M+, 57) ,- 200 (M+ -OCH3, 100), 198 (M+ -
OCH3, 100), 172 (12), 170 (13), 150 (M+-Br, 2), 91 (4 1), 90 (58), 63 (47). 
Ethyl 4-amino-3-bromobenzoate (102) and ethyl 4-amino-3,5-dibromo-
benzoate (103). 
4-Aminobenzoic acid 86 (15.00g, l lOmmol) was 
treated and worked up as described above for the 6 
synthesis of methyl 4-amino-3-bromobenzoate 89 
5 
except that ethanol was used in place of methanol 
in the esterification step, to afford ethyl 4-amino-
3,5-dibromobenzoate 103 (5.99g, 17%), which 
crystallised from petroleum spirit / dichloro-
Br Br 
methane as colourless crystals, m.p. 104-107°C (lit.407 m.p. 108°C). 
Microanalysis Found: C, 33.68; H, 2.72; N, 4.37; Br, 49.41 %. 
Br 
C9H9Br2NO2 requires C, 33.47; H, 2.81; N, 4.34; Br, 49.48%. 
IR (NaCl) Uma/cm-1 3380, 3320, 2984, 1720, 1700, 1612, 1539, 1480, 1401 , 1392, 
1357, 1305, 1258, 1138, 1112, 1022. 
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1H NMR (300 MHz) o 1.36 (3H, t, J 7.1 Hz, OCH2CH 3), 4.31 (2H, q, J 7.1 Hz, 
OCH2CH3), 4.97 (2H, bs, NH2), 8.06 (2H, s, ArH). 
13C NMR (75 MHz) o 14.32 (OCH2CH3), 61.04 (OCH2CH3), 107.33 (ArC) , 121.21 
(ArC) , 133.28 (ArCH), 145.59 (ArC), 164.48 (CO). 
MS EI m/z (70eV) 325 (M+, 11 %), 323 (M+, 23), 321 (M+, 12), 297 (M+-CH2CH2, 
4), 295 (M+-CH2CH2, 12), 293 (M+-CH2CH2, 5), 280 (20), 278 (42), 276 (21 ), 149 
(24), 90 (43), 57 (100). 
The second fraction eluted from the column afforded ethyl 4-amino-3-bromobenzoate 
102 (13.82g, 52%), which crystallised from petroleum spirit/ dichloromethane as 
colourless crystals, m.p. 89-91 °C (lit.408 m.p. 90-91 °C). 
Microanalysis Found: C, 44.20; H, 3.84; N, 5.52; Br, 32.60%. 
C9H10BrNO2 requires C, 44.29; H, 4.13; N, 5.74; Br, 32.74%. 
IR (NaCl) Uma/cm-1 3472, 3358, 3211 , 2981 ; 1690, 1630, 1597, 1506, 1479, 1440, 
1420, 1390, 1365, 1330, 1285, 1245 , 1159, 1132, 1112, 1027, 903, 829, 760. 
1H NMR (300 MHz) o 1.35 (3H, t, J 7.1 Hz, OCH2CH3), 4.3 1 (2H, q, J 7.1 Hz, 
OCH2CH3), 4.49 (2H, bs, NH2), 6.71 ( lH, d, J 8.4 Hz, ArH , H-5), 7.78 ( lH, dd, J 
8.4 Hz, 1.9 Hz, ArH, H-6), 8.10 (lH, d, J 1.9 Hz, ArH, H-2). 
13C NMR (75 MHz) o 14.31 (OCH2CH3), 60.65 (OCH2CH3), 107.74 (ArC), 114.17 
(ArCH), 120.87 (ArC), 130: 14 (ArCH), 134.36 (ArCH), 148.07 (ArC), 165.57 (CO). 
MS EI m/z (70eV) 245 (M+, 10%), 243 (M+, 10), 217 (M+-CH2CH2, 9), 215 (M+-
CH2CH2, 10), 200 (39), 198 ( 44 ), 91 (70), 90 (85), 63 ( 100). 
Methyl 3-brorno-4-(2,5-dioxo-1-pyrrolidinyl)benzoate (91). 
A mixture of succinic anhydride (3 .41 g, 34mmol), ~0-0-Br 2 
methyl 4-amino-3-bromobenzoate 89 (6.5 lg, 28mmol) -
and 4-dimethylaminopyridine (DMAP) (60mg) was N ~ /; C02Me 
heated at l 40°C under nitrogen for 16 h. The dark 5 6 
0 
brown melt was then cooled to room temperature, 91 
dissolved in dichloromethane (30ml) and filtered to remove unreacted succinic anhydride. 
The filtrate was washed with water (lx20rnl) and then brine ( lx20rnl), dried, and the 
solvent was removed at reduced pressure to afford the crude product as a brown solid 
(6.92g), which was then purified by column chromatography [dichloromethane : diethyl 
ether (9: l )]. The first fraction to be isolated off the column was unreacted methyl 4-
amino-3-bromobenzoate 89 (0.16g, 2.4%). The second fraction to be eluted contained 
methyl 3-bromo-4-(2,5-dioxo- l -pyrrolidinyl )benzoate 91 (5.54g, 62%), which 
crystallised from ethanol as colourle needles, m.p. l 55°C. 
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Microanalysis Found: C, 46.16; H, 3.12; N, 4.30; Br, 25.84%. 
C12H 10BrNO4 requires C, 46.17; H, 3.23; N, 4.49; Br, 25.61 %. 
IR (NaCl) Umaxfcm-1 1725, 1604, 1570, 1497, 1440, 1400, 1385, 1284, 1180, 1119. 
1H NMR (300 MHz) o 2.95 (4H, symm m, COCH2CH2CO), 3.93 (3H, s, CO2CH3), 
7.28 (lH, d, J 8.2 Hz, ArH, H-5), 8.07 ( lH, dd, J 8.2 Hz, 1.8 Hz, ArH , H-6), 8.36 
( lH, dd, J 1.8 Hz, ArH, H-2). 
13C NMR (75 MHz) o 28.76 (COCH2CH 2CO), 52.68 (CO2CH3), 122.44 (ArC), 
129.55 (ArCH), 130.03 (ArCH), 132.67 (ArC), 134.67 (ArCH), 135.71 (ArC), 164.81 
(CO2CH3), 174.83 (CON). 
MS Elm/z (70eV) 313 (M+, 1%), 311 (M+, 1), 282 (M+-OCH3, 5), 280 (M+-OCH3, 
5), 232 (M+-Br, 100), 204 (15), 190 (20), 55 (99). 
Ethyl 3-bromo-4-(2,5-dioxo-1-pyrrolidinyl)benzoate (104). 
A mixture of succinic anhydride (7.63g, 76mmol), ethyl ~0-0-Br 2 
4-amino-3-bromobenzoate 102 (14.74g, 64mmol) and -
DMAP (150mg) was heated at 140°C under nitrogen for N ~ /; C02Et 
16 h and then worked up as described above for the s 6 
0 
synthesis of methyl 3-bromo-4-(2,5-dioxo-1-pyrrolidin- 104 
yl)benzoate 91. Column chromatography of the crude mixture afforded unreacted ethyl 
4-amino-3-bromobenzoate 102 ( 1.62g, 11 % ) and ethyl 3-bromo-4-(2,5-dioxo-1-
pyrrolidinyl)benzoate 104 ( 13.28g, 67% ), which crystallised from ethanol as colourless· 
needles, m.p. 133-134°C (lit.233 m.p. 134-135°C). 
Microanalysis Found: C, 47.72; H, 3.40; N, 4.04; Br, 24.43 %. 
C13H12BrNO4 requires C, 47.88 ; H, 3.71 ; N, 4.29; Br, 24.50%. 
IR (NaCl) Umaxfcm-1 3000, 1724, 1602, 1496, 1400, 1387, 1290, 1178, 1113. 
1H NMR (300 MHz) o 1.35 (3H, t, J 7.1 Hz, OCH2CH 3), 2.91 (4H, symm m, 
COCH2CH2CO), 4.35 (2H, q, J 7.1 Hz, OCH2CH3), 7.24 (lH, d, J 8.2 Hz, ArH, H-
5), 8.04 (lH, dd, J 8.2 Hz, 1.7 Hz, ArH, H-6), 8.32 (lH, d, J 1.7 Hz, ArH , H-2). 
13C NMR (75 MHz) o 14.22 (OCH2CH 3), 28.75 (COCH 2CH 2CO), 61.72 
(OCH2CH3), 122.37 (ArC), 129.53 (ArCH), 129.98 (ArCH), 133.02 (ArC), 134.57 
(ArCH), 135.59 (ArC) , 164.30 (CO2CH2CH3), 174.90 (CON). 
MS EI m/z (70eV) 327 (M+, 1%), 325 (M+, 1), 282 (M+-co2CH2CH3, 8), 280 (M+-
CO2CH2CH3, 8), 246 (M+-Br, 98), 232 (10), 218 (8), 204 (15), 190 (10), 55 (100). 
Ethereal zinc borohydride409 
Zinc chloride ( 1 0g, 0.073mol) was fu sed to remove water by vigorous heating and 
stirring under a stream of dry nitrogen. After water evolution had ceased, the melt was 
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allowed to cool to room temperature under nitrogen. Anhydrous diethyl ether (125ml) 
was added and the mixture was heated to reflux until all of the zinc chloride had 
dissolved, and then allowed to cool to room temperature. The ethereal zinc chloride 
solution was added dropwise to a stirred suspension of sodium borohydride (6.75g, 
0 .18mol) in dry diethyl ether (375ml) under nitrogen . The resultant mixture was stirred 
for 24 h and then allowed to settle. The supernatant was then decanted and stored under 
nitrogen. This solution had an approximate molarity of 0.14M zinc borohydride. 
Ethereal zinc chloride 
Zinc chloride (2g, 0.014mol) was fused to remove water by vigorous heating and stirring 
under a stream of dry nitrogen . After water evolution had ceased, the melt was allowed 
to cool to room temperature under nitrogen. Anhydrous diethyl ether (25ml) was added, 
and the mixture was heated to reflux u~til all of the zinc chloride had dissolved, and then 
cooled. The mixture was allowed to settle and the supernatant was decanted and stored 
under nitrogen. This solution had an approximate molarity of 0.14M zinc chloride. 
Attempted preparation of methyl 3-bromo-4-(5-hydroxy-2-oxo-1-
pyrrolidinyl)benzoate (92) (see Table 1 Section 2.5). 
General zinc borohydride methods. 
Methyl 3-bromo-4-(2,5-dioxo-1-pyrrolidinyl)benzoate 91 was added to an ethereal 
solution of zinc borohydride (0 .14M, 3 equivalents of zinc borohydride) at room 
temperature under nitrogen with stirring. If required, an appropriate co-solvent (THF, 
benzene, dichloromethane, equal volume) and an appropriate catalyst (p-toluenesulfonic 
acid) were then added. The mixture was stirred under nitrogen at room temperature for 
between 4 and 96 h, before acetic acid (10% aqueous solution) was added to the mixture 
dropwise until the excess borohydride was destroyed . The resultant phases were 
separated, the organic phase was washed with sodium bicarbonate ( 10% aqueous 
solution, lx30ml) and then brine (lx20ml), dried and the solvent was removed at 
reduced pressure. The crude reaction mixture was then analysed by 1 H NMR 
spectroscopy, and was shown to be a mixture of methyl 3-bromo-4-(5-hydroxy-2-oxo-l-
pyrrolidinyl)benzoate 92, 4-hydroxy-N-(2-bromo-4-carbomethoxy)butanarnide 93 and 
the starting methyl 3-bromo-4-(2,5-dioxo- l -pyrrolidinyl)benzoate 91 . 
Sodium borohydride / hydrochloric acid (method A). 239 
A mixture of methyl 3-bromo-4-(2,5-dioxo- l -pyrrolidinyl)benzoate 91 (50mg, 
0 . l 5mmol) and sodium borohydride (30mg, 0. 79mmol) in ethanol (3ml) wa cooled to 
-5°C with stirring under nitrogen . An ethanolic solution of hydrochloric acid (2M, 2ml) 
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was added dropwise over 1 h. The resultant white suspension was poured into water, 
and the slurry was then extracted with dichloromethane (3x4ml). The organic extract was 
dried and the solvent was removed at reduced pressure. The crude mixture was then 
analysed by 1 H NMR spectroscopy, and was shown to be a mixture of me thy 1 3-bromo-
4-( 5-hydroxy-2-oxo-1-pyrrolidin y l) benzoate 92, 4-hydroxy-N-(2-bromo-4-carbo-
methoxy)butanamide 93 and the starting methyl 3-bromo-4-(2,5-dioxo-1-pyrrolidinyl)-
benzoate 91. 
Sodium borohydride / hydrochloric acid (method B). 240 
Sodium borohydride ( 10mg, 0.26mmol) was added to a solution of methyl 3-bromo-4-
(2,5-dioxo-1-pyrrolidinyl)benzoate 91 (50mg, 0.15mmol) in THF (2ml) and methanol 
(0.2ml) at o·c with stirring under nitrogen. The mixture was stirred at o·c for 2 h, and 
then acidified to pH 4 by the addition of hydrochloric acid (10% aqueous solution). The 
suspension was diluted with water (10ml) and extracted with dichloromethane (3x6ml). 
The organic extract was dried and the solvent was removed at reduced pressure. The 
crude mixture was then analysed by 1H NMR spectroscopy, and was shown to be a 
mixture of methyl 3-bromo-4-(5-hydroxy-2-oxo-1-pyrrolidinyl)benzoate 92, 4-hydroxy-
N-(2-bromo-4-carbomethoxy)butanamide 93 and the starting methyl 3-bromo-4-(2,5-
dioxo-1-pyrrolidinyl)benzoate 91. 
Sodium borohydride method. 241 •242 
Sodium borohydride (16mg, 0.46mmol) was added to a solution of methyl 3-bromo-4-
(2,5-dioxo-1-pyrrolidinyl)benzoate 91 (50mg, 0.15mmol) in ethanol (3ml) with stirring 
under nitrogen at o·c. The mixture was stirred at o·c for 4 h and then allowed to warm 
to 5°C. The solvent was removed at reduced pressure and the residue was extracted with 
dichloromethane (3x5ml). The dichloromethane extract was dried and the solvent was 
removed at reduced pressure. The crude mixture was then analysed by I H NMR 
spectroscopy, and was shown to be a mixture of methyl 3-bromo-4-(5-hydroxy-2-oxo-l-
pyrrolidinyl)benzoate 92, 4-hydroxy-N-(2-bromo-4-carbomethoxy)butanamide 93 and 
the starting methyl 3-bromo-4-(2,5-dioxo-l-pyrrolidinyl)benzoate 91. 
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Methyl 4-[ (2-bromo-4-carbomethoxyphenyl)amino ]-4-oxo-butanoate (94). 
Sodium cyanoborohydride (0.20g, 3.2mmol) MeO2C¼H-b-Br 3 
was added to a solution of methyl 3-bromo-4- y 1/ "\ 
(2 ,5-dioxo-1-pyrrolidinyl )benzoate 91 N _ C02Me 
(0.20g, 0.64mmol) in dry methanol (8ml) 6 s 
with stirring under nitrogen. The mixture was 
stirred at room temperature for 16 h and then 
0 
94 
added to water (10ml). The mixture was extracted with dichloromethane (3x10rnl), the 
organic extract was dried and the solvent was removed at reduced pressure to afford 
methyl 4-[(2-bromo-4-carbomethoxyphenyl)amino ]-4-oxo-butanoate 94 (0.22g, 100%) 
as a white solid, m.p. 128-129°C. 
Microanalysis Found: C, 45.43 ; H, 3.85 ; N, 3.95 ; Br, 23.21 %. 
C13H 14BrNO5 requires C, 45.37; H, 4.10; N, 4.07 ; Br, 23.22%. 
IR (NaCl) Uma/cm-1 3300, 3076, 2991 , 2950,- 1724, 1665, 1600, 1576, 1524, 1480, 
1436, 1425, 1387, 1330, 1280, 1233, 1154, 1118, 1042, 993, 978. 
1H NMR (300 MHz) 8 2.68 (4H, s, COCH2CH 2CO), 3.62 (3H, s, CO2CH3), 3.79 
(3H, s, CO2CH 3), 7.84 (lH, dd , J 8.7 Hz, 1.9 Hz, ArH , H-5), 7.94 (lH, bs, NH), 
8.10 ( lH, d, J 1.9 Hz, ArH , H-3), 8.35 (l H, d, J 8.7 Hz, ArH , H-6). 
13C NMR (75 MHz) 8 28.79 (COCH 2CH 2CO), 32.22 (COCH 2CH2CO), 51.94 
(CO2CH3), 52. 17 (CO2CH3), 11 2.25 (ArC), 120.43 (ArCH), 126.28 (ArC), 129.73 
(ArCH), 133.50 (ArCH), 139.40 (ArC.), 165.22 (CO2CH3), 169.89 (CO2CH3), 172.91 
(CON). 
MS EI m/z (70eV) 345 (M+, 12%), 343 (M+, 12), 314 (M+-OCH3, 24), 312 (M+-
OCH3, 24), 264 (M+-Br, 39), 321 (48), 229 (47), 200 (33), 198 (33), 115 (100). 
HRMS M+-OCH3 C12H1179BrNO4 requires 311.9871 , found 311.9870. 
Methyl 3-bromo-4-{ 5-[ (1, 1-dimethylethyl)thio ]-2-oxo-1-pyrrolidinyl }· 
benzoate (96). 
An ethereal solution of zinc borohydride (0.14M, 
140ml, 20mmol) was added to a mixture of an ethereal 
solution of zinc chloride (0.14M, 140ml, 20mmol) and 
methyl 3-bromo-4-(2,5-dioxo-1-pyrrolidinyl)benzoate 
91 (2.10g, 6.7mmol) under nitrogen with stirring. 
The resulting suspension was then stirred at reflux 
under nitrogen for approximately 4 h, until TLC 
X S Br 
r<N--O-C02Me 
~ ' S 6 
0 
96 
analysis revealed that the reaction was complete. It was imperative to monitor the course 
of the reaction closely by TLC, to avoid over-reduction of the target compound. Once the 
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reaction was complete, acetic acid (10% aqueous solution) was added dropwise to the 
mixture until the excess borohydride was destroyed. The resultant phases were 
separated, the organic phase was washed with aqueous sodium bicarbonate (lxl00ml, 
10% aqueous solution) and then brine ( lx70ml), dried and the solvent was removed at 
reduced pressure. This yielded crude methyl 3-bromo-4-(5-hydroxy-2-oxo-1 -
pyrrolidinyl)benzoate 92 ( 1.29g, 61 % ) as a pale yellow oil. 
IR (NaCl) Uma/cm-1 3480, 2950, 2920, 2850, 1725, 1690, 1598, 1492, 1435, 1410, 
1390, 1288. 
1H NMR (300 MHz) o 2.00 - 2.82 (4H, m, COCH 2CH2CHO), 3.18 (lH, bs, OH), 
3.92 (3H, s, CO2CH 3), 5.60 ( lH, m, CHOH), 7.37 (lH, d, J 6.8 Hz, ArH , H-5), 
7.98 (lH, dd, J 6.8 Hz, 1.9 Hz, ArH, H-6), 8.29 ( lH, d, J 1.9 Hz, ArH, H-2). 
13C NMR (75 MHz) o 28.87 (COCH 2CH 2CHOH), 29.67 (COCH 2CH 2CHOH), 
52.63 (COCH3), 84.60 (CHOH), 122.89 (ArC), 129.52 (ArCH), 131.25 (ArCH), 
131.49 (ArC), 134.64 (ArCH), 139.71 (AI"C), lM.78 (CO2CH3), 174.28 (CON). 
MS EI mlz (70eV) 315 (M+, 9%), 313 (M+, 9), 284 (M+-OCH3, 12), 282 (M+-OCH3, 
13), 234 (M+-Br, 100), 200 (41), 198 (41 ), 149 (27), 115 (28), 85 (41 ). 
HRMS M+-Br C12H12NO4 requires 234.0766, found 234.0766. 
The crude methyl 3-bromo-4-(5-hydroxy-2-oxo-1-pyrrolidinyl)benzoate 92 was 
immediately dissolved in dichloromethane (1 0ml) and added to a solution of !-butyl 
mercaptan (0.66ml, 0.52mol) and p -toluenesulfonic acid (p-TSA) (50mg) in 
dichloromethane (20ml). The clear solution was stirred at room temperature for 24 h. It 
was then washed with aqueous potassium hydroxide (lxlOml, 0. lM), dried, and the 
solvent was removed at reduced pressure to yield the crude thioether as a yellow oil, 
which was purified by column chromatography [ethyl acetate : light petroleum (1 :2)) to 
afford me thy 1 3-bromo-4-{ 5-[( 1, 1-dimethy le thy l)thio ]pyrrolidiny 1} benzoate 96 ( 1.20g, 
46%) a a yellow solid, m.p. 79-83°C. 
IR (NaCl) Uma/cm-1 2968, 1723, 1375, 1279, 1250, 1210, 1161 , 1111 , 1027. 
1 H NMR (300 MHz) o 1.05 (9H, s, SC(CH..3))), 2.20 - 2.90 (4H, m, 
COCH 2CH 2CHS), 3.91 (3H, s, CO2CH 3), 5.21 (lH, m, CHS), 7.37 (lH, d, J 8.1 
Hz, ArH , H-5), 8.02 ( lH, dd, J 8.1 Hz, 1.9 Hz, ArH , H-6), 8.29 (lH, d, J 1.9 Hz, 
ArH , H-2). 
13C NMR (75 MHz) o 30.44 (CH 2CO), 31.63 (SC(CH3))), 31.72 (CH2CS), 44.64 
(SC(CH3))), 53.16 (COCH 3), 64.36 (CHS), 123. 81 (ArC), 129.64 (ArCH), 130.87 
(ArCH), 131.95 (ArC), 134.83 (ArCH), 140.57 (ArQ, 165.78 (CO 2CH 3), 173 .60 
(CON). 
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MS EI m/z (70eV) 388 (M+ +H, 1 %), 386 (M+ +H, 1), 356 (M+ -OCH3, 1), 354 
(M+-OCH3, 1), 298 (M+-SC(CH3h, 65), 296 (M+-SC(CH3h, 67), 84 (53), 57 (100). 
HRMS M+-OCH3 C15H1779BrNO2S requires 354.0163, found 354.0164. 
Ethyl 3-bromo-4-{ 5-[ (1,1-dimethylethyl)thio ]-2-oxo-1-pyrrolidinyl }-
benzoate (106). 
Ethyl 3-bromo-4-(2,5-dioxo-1-pyrrolidinyl)benzoate 
104 (1.00g, 3.lmmol) was treated and worked up as 
described above for the synthesis of methyl 3-bromo-4-
{ 5-[( 1, 1-dimethylethyl)thio ]-2-oxo-1-pyrrolidinyl }-
benzoate 96 , to afford ethyl 3-bromo-4-{5-[(1,1-
dimethylethyl)thio]-2-oxo-1-pyrrolidinyl} benzoate 106 
(0.53g, 43%) as a yellow solid, m.p. 87-89°C (lit.233 
m.p. 88-90°C). 
X 
S Br 
r< N--0-C02Et ~ 5 6 
0 
106 
Microanalysis Found: C, 50.98 ; H, 5.71 ; N, 3.50; Br, 20.24; S, 7.80%. 
C17H22BrNO3S requires C, 51.00; H, 5.54; N, 3.50; Br, 19.96; 
s , 8.01 %. 
IR (NaCl) Uma/cm-1 2980, 1724, 1710 (sh), 1398, 1360, 1279, 1245, 1212, 1112. 
lff NMR (300 MHz) o 1.06 (9H, s, SC(CH3h), 1.38 (3H, t, J 7.1 Hz, OCH2CH3), 
2.25-2.95 (4H, m, COCH2CH2CHS), 4.36 (2H, q, J 7.1 Hz, OCH2CH3), 5.20 (lH, 
m, CHS), 7.37 ( lH, d, J 8.1 Hz, ArH , H-5), 8.03 ( lH, dd, J 8.1 Hz, 1.8 Hz, ArH ,· 
H-6), 8.28 ( lH, d, J 1.8 Hz, ArH, H-2). 
13C NMR (75 MHz) o 14.23 (OCH2CH3), 29.82 (CH2CO), 31.14 (SC(CH3h), 31.39 
(CH2CS), 44.02 (SC(CH3h), 61.57 (OCH2CH3), 63 .80 (CHS), 123.08 (ArC), 123.2 
(ArCH), 129.01 (ArCH), 131.73 (ArC), 134.17 (ArCH), 139.86 (ArC), 164.70 
(CO2CH2CH3), 174.07 (CON). 
MS Elm/z (70eV) 402 (M++H, 1%), 400 (M++H, 1), 356 (M+-OCH2CH3, 1), 354 
(M+-OCH2CH3, 1), 312 (M+-sc(CH3h, 29), 310 (M+-sc(CH3h, 29), 232 (22), 57 
(100). 
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3-Bromo-4-{ 5-[ ( 1, 1-dimethylethy l)thio ]-2-oxo-1-pyrrolidinyl} benzoic 
acid (98). 
Method A. A solution of me thy 1 3-bromo-4-{ 5-[ ( 1, l-
dimethy lethy l)thio ]-2-oxo-1-pyrrolidiny l} benzoate 96 
(0.1 0g, 0.25mmol) and potassium hydroxide (0.14g, 
2.50mmol) in water (5ml) and methanol (15ml) was 
stirred at room temperature for 18 h. The clear solution 
was acidified to pH 2 with sulfuric acid ( 10% aqueous 
solution) and extracted with dichloromethane (3x 10ml). 
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The combined extracts were dried and the solvent was removed at reduced pressure to 
give 3-bromo-4-{ 5-[(l, 1-dimethylethyl)thio]-2-oxo-1-pyrrolidinyl} benzoic acid 98 
(75mg, 81 %) as a very pale yellow solid, m.p. 70-80°C (decomp.). 
IR (NaCl) Uma/cm-1 3076 (b), 2970, 2610 (b), 1724, 1670 (sh), 1600, 1554, 1497, 
1408, 1264, 1218, 1110, 1049, 804. 
1 H NMR (300 MHz) o 1.06 (9H, s, SC(CH 3))), 2.25 - 2.95 (4H , m, 
COCH2CH2CHS), 5.20 (lH, m, CHS), 7.39 (l H, d, J 8.1 Hz, ArH , H-5), 8.00 (l H, 
dd, J 8.1 Hz, 1.8 Hz, ArH , H-6), 8.28 (l H, d, J 1.8 Hz, ArH, H-2). 
13C NMR (75 MHz) o 29.97 (CH 2CO), 30.96 (SC(CH3h), 31.1 2 (CH 2CS), 44.18 
(SC(CH 3h), 64.00 (CHS), 123.35 (ArC), 129.56 (ArCH), 130.99 (ArCH), 131.10 
(ArC), 134.69 (ArCH), 140.04 (ArC) , 168.16 (CO2H), 174.89 (CON). 
MS EI m/z (70eV) 284 (M+-SC(CH3h, 32%), 282 (M+-SC(CH3h, 30), 57 (100). 
MS CI mlz (70eV) 391 (M++NH4, 15%), 389 (M++NH4, 14), 374 (M++H, 96), 372 
(M++H, 100), 294 (26), 284 (31 ), 282 (3 1), 236 (72), 204 (27), 180 (2 1). 
HRMS M+-SC(CH3h C 11 H979BrNO3 requires 281.9766, found 281.9765 . 
Method B. Ethyl 3-bromo-4-{ 5-[(l , 1-dimethylethyl)thio] -2-oxo-1-pyrrolidinyl }-
benzoate 106 ( l.00g, 2.5mmol) was treated with potassium hydroxide in methanol as 
described above for methyl 3-bromo-4- {5-[(1, l -dimethylethyl)thio]-2-oxo- l -
pyrrolidiny 1} benzoate 96, and worked up in an identical manner to afford 3-bromo-4-{ 5-
[ (1 , l -dimethylethyl)thio]-2-oxo-l -pyrrolidinyl} benzoic acid 98 (0.74g, 79%) as a white 
solid, identical to that described above. 
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Methyl 1,2,3,3a-tetrahydro-1-oxo-(1H )pyrrolo[2, 1-hl benzothiazole-6-
carboxylate (97). 
A stirred solution of methyl 3-bromo-4-{5-[(l,l-
dimethylethyl)thio]-2-oxo-l-pyrrolidinyl} benzoate 96 
(0.50g, l.3mmol), a,a'-azobis(isobutyronitrile) 
(AIBN) (25mg), and tributyltin hydride (0.43g, 
l.5mrnol) in dry degassed benzene (50ml) was heated 
s Y-U-co,Me 
0 8 7 
97 
. at reflux under nitrogen for 2 h. The solvent was then removed under reduced pressure, 
and the crude oil remaining was treated with 1,8-diazabicyclo[5.4.0]undec-7-ene 
(DB U)243 in the usual manner to remove the tin residues. The crude material thus 
obtained was then purified by column chromatography [hexane: dichloromethane (2:3)] 
to afford methyl 1,2,3,3a-tetrahydro-l-oxo-( 1H)pyrrolo[2, 1-.h]benzothiazole-6-carboxyl-
ate 97 (0.15g, 46%) as a white solid, m.p. 162-163°C. 
Microanalysis Found: C, 57.49; H, 4.39.; N, 5.75; S, 12.68%. 
C 12H 11 NO3S requires C, 57.82; H, 4.45; N, 5.62; S, 12.86%. 
IR (NaCl) Uma/cm- 1 1735 (sh), 1710, 1590, 1582, 1482, 1443, 1409, 1378, 1289. 
1H NMR (300 MHz) 8 2.45 - 2.95 (4H, m, COCH 2CH 2CHS), 3.87 (3H, s, 
CO2CH3), 6.04 (lH, dd, J 8.4 Hz, 6.2 Hz, CHS), 7.65 (lH, d, J 8.8 Hz, ArH, H-8), 
7.78 (2H, m, ArH, H-5 ,7). 
13C NMR (75 MHz) 8 29.05 (CH 2CO), 34.47 (CH 2CS), 52.17 (CO2CH3), 68.98 
(CHS), 115.58 (ArCH), 123.68 (ArCH),127.24 (ArC), 127.87 (ArCH), 133.61 (ArC), 
138.96 (ArC), 166.02 (CO2CH3), 172.23 (CON). 
MS EI m/z (70eV) 249 (M+, 29%), 194 (100), 162 (37), 135 (29), 134 (37), 63 (87). 
Ethyl 1,2,3,3a-tetrahydro-1-oxo-(1H )py rrolo[2 , 1-hl benzothiazole-6-
carboxylate (78). 
A solution of ethyl 3-bromo-4-{5-[(1,l-
dimethylethyl)thio]-2-oxo-l-pyrrolidinyl} benzoate 106 
(0.64g, l.6mrnol) was treated with tributyltin hydride in 
benzene as described above for the synthe is of methyl 
1,2,3,3a-tetrahydro-1-oxo-( 1 H)pyrrolo[2, 1-.h]benzo- 78 
thiazole-6-carboxylate 97 , and was worked up in an identical manner to afford ethyl 
l ,2,3,3a-tetrahydro-l-oxo-( 1 H)pyrrolo[2, l -h]benzothiazole-6-carboxy late 78 (0.19g, 
57%) as a pale yellow solid, m.p. 122-124°C. 
Microanalysis Found: C, 59.05; H, 5.03; N, 5.52%. 
C 13H 13NO3S requires C, 59.30; H, 4.98; N, 5.32%. 
IR (NaCl) Uma/cm-1 1722, 1710 ( h) , 1591 , 1486, 1377, 1285, 1251, 1200, 1106. 
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1H NMR (300 MHz) o 1.38 (3H, t, J 7.1 Hz, OCH2CH 3), 2.45 - 2.95 (4H, m, 
COCH 2CH 2CHS), 4.36 (2H, q, J 7.1 Hz, OCH 2CH3), 6.04 (lH, dd, J 8.3 Hz, 6.2 
Hz, CHS), 7.65 (lH, d, J 8.7 Hz, ArH, H-8), 7.79 (2H, m, ArH, H-5,7). 
13C NMR (75 MHz) o 14.15 (OCH2CH3), 28.92 (CH2CO), 34.37 (CH2CHS), 60.93 
(OCH 2CH3), 68.87 (CHS), 115.36 (ArCH), 123.48 (ArCH), 127.41 (ArC), 127.64 
(ArCH), 133.44 (ArC), 138.75 (~), 165.38 (CO2CH2CH3), 172.11 (CON). 
MS EI mlz (70eV) 263 (M+, 68%), 208 (100), 180 (40), 162 (28), 69 (65). 
HRMS M+ C 13H 13NO3S requires 263.0616, found 263.0615. 
1,2,3,3a-Tetrahydro-1-oxo-(1 H )pyrrolo[2,1-hlbenzothiazole-6-carboxylic 
acid (85). 
A stirred solution of 3-bromo-4-{5-[(1,l-dimethyl-
ethyl)thio ]-2-oxo-l-pyrrolidinyl} benzoic acid 98 (0.44g, 
l.2mmol), AIBN (10mg), and tributyltin hydride (0.38g, 
l.3mmol) in dry degassed benzene (44ml) was heated at 
reflux under nitrogen for 4 h. The resultant yellow / 
s 
~-o-C02H 
0 8 7 
85 
green suspension was cooled to room temperature and filtered . The pale green solid thus 
isolated was dried to afford l ,2,3,3a-tetrahydro- l-oxo-(1H)pyrrolo[2, l-n]benzothiazole-
6-carboxylic acid 85 (0.18g, 67%), m.p. >250°C. 
Microanalysis Found: C, 55 .89; H, 3.93; N, 5.88%. 
C 11 H9NO3S requires C, 56.16; H, 3.86; N, 5.95%. 
IR (NaCl) Uma/cm-1 1713, 1678, 1580, 1487, 1439, 1372, 1296. 
1H NMR (300 MHz) o 2.40 - 2.90 (4H, m, COCH2CH2CHS), 6.04 (lH, dd, J 8.3 
Hz, 6.2 Hz, CHS), 7.41 (lH, s, ArH, H-5), 7.54 (lH, d, J 7.2 Hz, ArH , H-8), 7.70 
(lH, d, J 7.2 Hz, ArH, H-7). 
13C NMR (75 MHz) o 28.42 (CH 2CO), 33.87 (CH 2CS), 68.43 (CHS), 114.81 
(ArCH), 123.23 (ArCH), 127.25 (ArCH), 127.55 (ArQ, 132.97 (ArC), 138.18 (ArQ, 
166.69 (CO2H), 171.72 (CON). 
MS EI m/z (70eV) 235 (M+, 26%), 180 (100), 162 (22), 109 (24), 56 (82). 
HRMS M+ C 11 H9NO3S requires 235.0303, found 235.0304. 
N-(2-Bromophenyl)-2-(hydroxyimino )acetamide (110). 
A mixture of hydrochloric acid (0.41ml, 36% by weight) , 2- Y' f'NOH 
bromoaniline 109 (1.00g, 5.8mmol) and water (3ml) was A 
added to a stirred solution of chloral hydrate ( 1.13g, 6.8mmol), N 0 
Br H hydroxylamine hydrochloride ( 1.05ml , l 5mmol) and 
anhydrous sodium sulfate (4.32g, 30mmol) in water (21ml). 110 
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The mixture was slowly heated from room temperature to 37°C over 2.5 h. It was then 
slowly heated to 45°C over a further 2 h, and then cooled to room temperature. The 
white solid thus formed was collected and dried to afford N- (2-bromophenyl)-2-
(hydroxyimino)acetamide 110 (0.78g, 40%). The crude product crystallised from 
ethanol to afford analytically pure N-(2-bromophenyl)-2-(hydroxyimino)acetamide 110 
as very fine colourless crystals, m.p. 174-176°C (l it.410 m.p. 157°C). 
Microanalysis Found: C, 39.55 ; H, 2.61 ; N, 11.36; Br, 33. 10%. 
C8H7BrN2O2 requires C, 39.53 ; H, 2.90; N, 11.53; Br, 32.87%. 
IR (NaCl) Umax/cm-1 3342, 3195 (b), 3068, 3009, 2888 , 1663, 1625, 1592, 1541 , 
1463, 1447, 1028, 924, 764. 
1H NMR (300 MHz) o 2.45 (lH, bs, OH), 6.87 ( lH, m, ArH), 7.23 (lH, m, ArH), 
7.42 (2H, m, ArH , HCNOH), 8.28 (l H, dd, J 8.3 Hz, 1.6 Hz, ArH), 8.86 (lH, bs, 
NH). 
13C NMR (75 MHz) o 11 3.01 (ArC ), 12 1.-24 (ArCH), 124.94 (ArCH), 128 .16 
(ArCH), 132.08 (ArCH), 134.98 (ArC) , 143. 17 (C 0 ), 160.28 (CO). 
MS EI m/z (70eV) 244 (M+, 7%), 242 (M+, 8), 173 (22), 171 (22), 163 (M+-Br, 100). 
7-Bromoisatin (111). 
N-(2-Bromophenyl)-2-(hydroxyimino)acetamide 110 (5.62g, 
l 7mrnol) was added in small portions over 25 min with efficient 5 
stirring to sulfuric acid (27ml, 86% by weight) at 55°C. After the 
6 
addition had been completed, the reaction mixture was warmed to 
70°C and stirred for 20 min at this temperature. The resultant dark 
red/ purple solution was poured over crushed ice (60g), resulting 
0 
0 
111 
in the formation of the crude product as a bright orange precipitate. The precipitate was 
collected, dissolved in aqueous potassium hydroxide ( 10% aqueous solution), and the 
solution was filtered . The dark red / brown filtrate was acidified to pH 2 with 
hydrochloric acid (36% by weight), and the resultant bright orange precipitate was 
collected and dried to afford 7-bromoisatin 111 (3 .82g, 100%) as an orange solid. The 
isatin crystallised from methanol to afford analytically pure 7-bromoisatin 111 as orange 
needles, m.p. 189-194°C (lit.410 m.p. 195°C). 
Microanalysis Found: C, 42. 81 ; H, 1.44; N, 6.06; Br, 35.24%. 
C8H4BrNO2 requires C, 42.51 ; H, 1.78; N, 6.20; Br, 35.35%. 
IR (NaCl) 'Uma/cm-1 3195 (b), 1745, 1620, 1480, 1432, 1390, 1328, 1171 , 11 37, 762. 
1H NMR (300 MHz) o 4.90 ( lH, bs, NH), 6.88 (l H, dd, J 7.6 Hz, 7.6 Hz, ArH, H-
5), 7.42 ( lH, d, J 7.6 Hz, ArH, H-6), 7.56 (lH, d, J 7.6 Hz, ArH, H-4). 
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13C NMR (75 MHz) b 105.56 (ArC), 119.27 (ArC), 123.81 (ArCH), 124.18 (ArCH), 
140.75 (ArCH), 149.33 (Ar~), 159.08 (CO), 183.54 (~0). 
MS EI m/z (70eV) 227 (M+, 23%), 225 (M+, 26), 199 (M+-co, 73), 197 (M+-co, 76), 
171 (11), 169 (11), 118 (56), 90 (100), 75 (40), 63 (98). 
3-Bromoanthranilic acid (112). 
A chilled solution of hydrogen peroxide (0. 71 g, 30% aqueous 
solution, 6.3mrnol), and potassium hydroxide (0.35g, 6mrnol) in 
water (5ml) was added dropwise to a stirred solution of 7-
bromoisatin 111 ( 1.00g, 4.3mmol) and potassium hydroxide 
(0.25g, 4.3mrnol) in water (2ml) at 0°C. The temperature of the 
reaction mixture was kept below 10°C throughout the addition. The 
6 
'{Yco2H 
4YNH2 
Br 
112 
mixture was stirred for 45 min. Glacial acetic acid (1 .40ml) was added dropwise over 15 
min , with 2-octanol added as necessary to prevent foaming. The resultant yellow 
precipitate was collected and dried to afford 3-bromoanthranilic acid 112 (0.95g 99%) as 
a pale yellow solid, which crystallised from aqueous acetone to afford analytically pure 3-
bromoanthranilic acid 112 as pale yellow needles, m.p. l 76-178°C (lit.411 m.p. l 78°C). 
Microanalysis Found: C, 38.69; H, 2.47; N, 6.26; Br, 36.85%. 
C7H6BrNO2 requires C, 38.92; H, 2.80; N, 6.48; Br, 36.99%. 
IR (NaCl) Uma/cm-1 3436, 3338, 1675, 1612, 1583, 1550, 1454, 1420, 131 2, 1270, 
1250, 752. 
1H NMR (300 MHz) D 6.25 (3H, bs, CO2H, NH2), 6.37 ( lH, dd, J 7.9 Hz, 7.9 Hz, 
ArH, H-5), 7.40 (lH, dd, J 7.9 Hz, 1.5 Hz, ArH , H-4), 7.74 (l H, dd, J 7.9 Hz, 1.5 
Hz, ArH, H-6). 
13C NMR (75 MHz) D 109.77 (ArC) , 112.42 (ArQ, 115.58 (ArCH), 130.82 (ArCH), 
136.20 (ArCH), 147.00 (ArC), 169.56 (~O). 
MS EI m/z (70eV) 217 (M+, 43%), 215 (M+, 42), 199 (M+-NH4, 96), 197 (M+-NH4, 
100), 171 (M+-HCO2H, 13), 169 (M+-HCO2H, 12), 118 (53), 90 (100). 
Methyl 3-bromoanthranilate (107). 
A stirred solution of 3-bromoanthranilic acid 112 (3. 72g, 
l 7mmol), in methanol (20ml) and sulfuric acid ( 4ml, 98 % by 
weight) was heated at reflux for 16 h under nitrogen. The re ultant 
red/ brown solution was diluted with water (20ml), adju ted to pH 
9 by the addition of sodium carbonate, and extracted with ethyl 
acetate (3x20ml). The organic extract was dried and the solvent 
107 
was removed at reduced pres ure to afford the crude product a a yellow / brown oil 
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(3 .1 0g) , which was purified by column chromatography [light petroleum : 
dichloromethane (3 :1)]. The first fraction isolated contained methyl 3-bromoanthranilate 
107 (2.21g, 56%), as a yellow oil. Unreacted 3-bromoanthranilic acid 112 (1.60g, 
43%) was also recovered. With recycling of this starting material , methyl 3-
bromoanthranilate 107 could be obtained in 98% yield after three cycles, m.p. 43-45°C 
(lit.412 47-48°C). 
Microanalysis Found: C, 41.74; H, 3.59; N, 6.06; Br, 34.77%. 
C8H8BrNO2 requires C, 41.77; H, 3.50; N, 6.09; Br, 34.73%. 
IR (NaCl) Urnax.fcm-1 3485, 3368, 1703, 1612, 1578, 1549, 1308, 1252. 
1H NMR (300 MHz) o 3.85 (3H, s, CO2CH3), 6.32 (2H, bs, NH2), 6.49 (lH, dd, J 
8.7 Hz, 8.7 Hz, ArH, H-5), 7.53 ( lH, d, J 8.7 Hz, ArH , H-4), 7.81 (lH, d, J 8.7 Hz, 
ArH, H-6). 
13C NMR (75 MHz) o 51.78 (CO2CH 3), 110.52 (Arg, 111.65 (ArC ), 116.19 
(ArCH), 130.60 (ArCH), 137.11 (ArCH), 147.39 (ArC), 167.84 (CO). 
MS EI m/z (70eV) 231 (M+, 95%), 229 (M+, 100), 200 (M+-OCH3, 33), 199 (M+-
HOCH3, 68), 198 (M+-ocH3, 32), 197 (M+-HOCH3, 68) 118 (18), 90 (49), 63 (62). 
4-Bromo-3-nitrobenzoic acid (114). 
A cold mixture of sulfuric acid (8.5ml, 98% by weight) and nitric acid 
(8.5ml, 70% by weight) was added dropwise to a stirred solution of 4-
bromobenzoic acid 113 ( 17 .00g, 85mmol) in sulfuric acid (20ml, 
98% by weight) at -l0°C over 1 h. The thick white suspension was 5 
allowed to warm to 15°C and was kept at that temperature for 2.5 h. 
The mixture was then poured onto crushed ice (80g). The slurry was 
filtered , and the white solid thus collected crystallised from aqueous 
Br 
114 
ethanol to afford 4-bromo-3-nitrobenzoic acid 114 (19.80g, 95%) as a finely powdered 
white solid, m.p. 205-207°C (lit.41 3 m.p. 203-204°C). 
IR (NaCl) Urnax.fcm-1 2950, 1696, 1603, 1552, 1481 , 1430, 1364, 1322, 1260, 1041. 
1H NMR (300 MHz) o 5.15 (IH, bs, CO2H), 7.77 (lH, d, J 8.3 Hz, ArH , H-5), 8.02 
( lH, dd, J 8.3 Hz, 1.9 Hz, ArH, H-6), 8.41 ( lH, d, J 1.9 Hz, ArH, H-2). 
13C NMR (75 MHz) o 118.96 (ArC) , 126.63 (ArCH), 131.77 (ArC) , 133.68 (ArCH), 
135.15 (ArCH), 137.1 2 (Ar_G), 165.70 (.CO2H). 
MS EI m/z (70eV) 247 (M+, 23%), 245 (M+, 22), 2 17 (M+-NO, 7), 215 (M+-NO, 7), 
145 (33), 143 (35), 92 (39), 75 (100). 
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Methyl 4-bromo-3-nitrobenzoate (116). 
4-Bromo-3-nitrobenzoic acid 114 (1.00g, 4.lmmol) was added to a 
stirred mixture of methanol (5ml) and sulfuric acid (1ml, 98% by 
weight) under nitrogen. The mixture was then heated at reflux for 
16 h. The clear yellow solution was diluted with water (10ml), 5 
adjusted to pH 9 by the addition of sodium carbonate, and extracted 
with ethyl acetate (3xl0ml). The organic extract was dried and the 
· solvent was removed at reduced pressure to afford methyl 4-bromo-3-
164 
Br 
116 
nitrobenzoate 116 (0.85g, 80%) as a white solid, which crystallised from hexane/ 
dichloromethane to afford analytically pure methyl 4-bromo-3-nitrobenzoate 116 as 
colourless crystals, m.p. 103-106°C (lit.413 m.p.102-104°C). 
Microanalysis Found: C, 36.59; H, 2.00; N, 5.36; Br, 30.87%. 
C8H6BrNO4 requires C, 36.95; H, 2.33 ; N, 5.39; Br, 30.73%. 
IR (NaCl) Uma/cm- 1 1720, 1606, 1540, 1448, -1364, 1300, 1266, 1041. 
1H NMR (300 MHz) 8 3.94 (3H, s, CO2CH3), 7.81 (lH, d, J 8.3 Hz, ArH , H-5) , 
8.03 (lH, dd, J 8.3 Hz, 1.9 Hz, ArH, H-6), 8.42 (lH, d, J 1.9 Hz, ArH, H-2) . 
13C NMR (75 MHz) 8 52.87 (CO2CH 3), 119.45 (ArC), 126.36 (ArCH), 130.63 
(ArC), 133.39 (ArCH), 135.36 (ArCH), 137.78 (ArC), 164.23 (CO). 
MS EI m/z (70eV) 261 (M+, 17%), 259 (M+, 18), 230 (M+-OCH3, 40), 228 (M+-
OCH3, 39), 184 (14), 182 (13), 103 (16), 75 (100). 
Methyl 3-amino-4-bromobenzoate (108). 
A stirred mixture of methyl 4-bromo-3-nitrobenzoate 116 (2.00g, C02Me 
7.7mmol) and tin chloride dihydrate (8.68g, 38mmol) in ethanol 6 
(20ml) was heated at 70°C under nitrogen for 1 h and then cooled to 
5 
room temperature. The pale yellow suspension was poured over 
crushed ice (50g) . The slurry was then adjusted to pH 8 by the Br 
addition of sodium carbonate, and was extracted with ethyl acetate 
(3x20ml). The organic extract was dried and the solvent was removed 
108 
at reduced pressure to afford methyl 3-arnino-4-bromobenzoate 108 (1.63g, 92%) as a 
white solid, m.p. 118-120°C. 
Microanalysis Found: C, 41.83 ; H, 3.52; N, 5.88; Br, 34.69%. 
C8H8BrNO2 requires C, 41.77; H, 3.50; N, 6.09; Br, 34.73%. 
IR (NaCl) Umax/cm-1 3468, 3370, 1718, 1631 , 1489, 1448, 1431 , 1328, 1306, 1256, 
761. 
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1H NMR (300 MHz) 8 3.87 (3H, s, CO2CH3), 4.20 (2H, bs, NH 2), 7.24 (lH, dd, J 
8.3 Hz, 2.1 Hz, ArH , H-6), 7.41 (lH, d, J 2.1 Hz, ArH , H-2), 7.45 (lH, d, J 8.3 Hz, 
ArH, H-5). 
13C NMR (75 MHz) 8 52.20 (CO2CH 3), 114.18 (ArC ), 116.27 (ArCH), 120.04 
(ArCH), 130.28 (ArQ, 132.61 (ArCH), 144.10 (A~), 166.64 (CO). 
MS EI m/z (70eV) 231 (M+, 45%), 229 (M+, 49), 200 (M+-OCH3, 44), 198 (M+-
OCH3, 44), 172 (M+-CO2CH3, 22), 170 (M+-CO2CH3, 22), 91 (55), 90 (100). 
Methyl 4-bromo-3-(2,5-dioxo-1-pyrrolidinyl)benzoate (117). 
A mixture of succinic anhydride (1.77g, 13mmol), methyl ~NO-PBr: \~ 
6 
3-amino-4-bromobenzoate 108 (3. I 0g, I 3mmol) and \ 
DMAP (5mg) was heated at 160°C under nitrogen for 20 h. 
The dark brown melt was then cooled to room temperature, 
dissolved in dichloromethane (30ml) and filtered to remove 0 CO2Me 
unreacted succinic anhydride. The filtrate was washed with 117 
water ( lx20ml) and then brine (l x20ml), dried and the solvent was removed at reduced 
pressure to give the crude product as a brown oil (4.17g), which was purified by column 
chromatography [dichloromethane] to afford methyl 4-bromo-3-(2,5-dioxo-l -
pyrrolidinyl)benzoate 117 (3.58g, 82%) as a pale yellow solid, m.p. 121-123°C. 
Microanalysis Found: C, 45.78 ; H, 3.26; N, 4.09; Br, 25.80%. 
C12H 10BrNO4 requires C, 46.17; H, 3.23; N, 4.49; Br, 25.61 %. 
IR (NaCl) Umaxfcm·1 3640, 1723, 1481 , 1444, 1426, 1368, 1303, 1252, 1180, 111 2. 
1H NMR (300 MHz) 8 2.91 (4H, m, COCH 2CH2CO), 3.88 (3H, s, CO2CH3), 7.76 
(lH, d, J 8.4 Hz, ArH, H-5), 7.86 ( lH, d, J 2. 1 Hz, ArH , H-2), 7.96 ( lH, dd, J 8.4 
Hz, 2. 1 Hz, ArH , H-6). 
13C NMR (75 MHz) 8 28.63 (COCH 2CH 2CO), 52.47 (CO2CH3), 127.75 (ArC), 
130.72 (ArQ, 131.04 (ArCH), 131.61 (ArCH), 132.00 (ArC), 133.68 (ArCH), 165.07 
(CO2CH3), 175.07 (CON). 
MS EI m/z (70eV) 232 (M+-Br, 84%), 204 (13), 190 (20), 55 (100). 
MS CI m/z (70eV) 331 (M++NH4, 64%), 329 (M++NH4, 61 ), 314 (M++H, 1), 31 2 
(M++H, 1), 251 (100), 232 (M+-Br, 22) . 
HRMS M+-Br C12H10NO4 requires 232.0610, found 232.0611. 
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Methyl 4-bromo-3-{ 5-[ (1, 1-dimethylethyl)thio ]-2-oxo-1-pyrrolidinyl }-
benzoate (119). 
An ethereal solution of zinc borohydride (0.14M, 280ml, 
39mmol) was added to a mixture of methyl 4-bromo-3-
(2,5-dioxo-1-pyrrolidinyl)benzoate 117 ( 4.25g, 14mmol) 
and an ethereal solution of zinc chloride (0.14M, 280ml, 
39mmol) with stirring under nitrogen. The resulting white 
suspension was heated at reflux for 4 h, with the reaction 
monitored closely by TLC to avoid over-reduction of the 
target compound. After the reaction was complete, acetic 
X G:~, 
0 CO2Me 
119 
acid ( 10% aqueous solution) was added dropwise to the mixture until the excess of 
borohydride was destroyed. The phases were separated and the organic phase was then 
washed with brine (lx200rnl), dried and the solvent was removed at reduced pressure to 
yield crude methyl 4-bromo-3-(5-hydroxy-2-oxo-l-pyrrolidinyl)benzoate 118 as a pale 
yellow oil (4.29g). The oil was then dissolved in dichloromethane (22ml) and added to a 
solution of t-buty 1 mercaptan ( 1.41 ml, 1.1 mol) and p-toluenesulfonic acid ( 10mg) in 
dichloromethane (43ml). This solution was stirred at room temperature for 24 h. It was 
then washed with aqueous potassium hydroxide (lx20rnl, 0.lM), dried, and the solvent 
was removed at reduced pressure to give the crude product as a pale yellow oil (5.44g), 
which was purified by column chromatography [ethyl acetate : hexane (1 :4)] to afford 
methyl 4-bromo-3-{ 5-[(l , l-dimethylethyl)thio]-2-oxo-1-pyrrolidinyl} benzoate 119 
(3.68g, 70%) as a pale yellow solid, m.p. 85-87°C. 
Microanalysis Found: C, 49.77; H, 5.40; N, 3.67; Br, 20.40; S, 8.24%. 
C 16H20BrNO3S requires C, 49.75; H, 5.22; N, 3.63; Br, 20.68; 
s, 8.30%. 
IR (NaCl) "Umaxfcm- 1 2968, 1724, 1600, 1576, 1476, 1442, 1419, 1370, 1305, 1250, 
1213, 1118, 1042, 767. 
1 H NMR (300 MHz) o 1.05 (9H, s, SC(CH 3 ))), 2.20 - 2.90 (4H, m, 
COCH2CH 2CHS), 3.90 (3H, s, CO2CH 3), 5.17 (lH, m, CHS), 7.71 (lH, d, J 8.3 
Hz, ArH, H-5), 7.87 (lH, d, J 8.3 Hz, ArH , H-6), 7.95 (lH, , ArH, H-2). 
13C NMR (75 MHz) o 29.74 (CH 2CO), 31.09 (SC(CH 3h), 31.25 (CH 2CS), 44.02 
(SC(CH3h), 52.41 (CO2CH 3), 63.60 (CHS), 128.37 (ArC), 130.20 (ArQ, 130.61 
(ArCH), 133.13 (ArCH), 134.21 (ArCH), 135.97 (ArC), 165.61 (CO2CH 3), 174.14 
(CON). 
MS EI m/z (70eV) 298 (M+-SC(CH3)), 27%), 296 (M+-SC(CH3)), 28), 84 (100). 
MS CI m/z (70e V) 388 (M+ +H, 27% ), 386 (M+ +H, 29), 298 (M+ -SC(CH 3h, 100), 
296 (M+-SC(CH3)), 98). 
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4-Bromo-3-{ 5-[ (1, 1-dimethy lethyl)thio ]-2-oxo-1-pyrrolidinyl} benzoic 
acid (120). 
A mixture of methyl 4-bromo-3-{ 5-[(1, 1-dimethyl-
ethy l)thio ]-2-oxo-1-pyrrolidiny 1} benzoate 119 (0.57 g, 
l.5mmol), potassium hydroxide (0.70g, 13mmol), water 
(25ml) and methanol (75ml) was stirred at room temperature 
for 16 h. The clear yellow solution was acidified to pH 2 
with sulfuric acid (10% aqueous solution), and extracted 
with dichloromethane (3x30ml). The organic extract was 
dried and the solvent was removed at reduced pressure to 
120 
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yield 4-bromo-3-{ 5-[(1, l-dimethylethyl)thio]-2-oxo-l-pyrrolidinyl} benzoic acid 120 
(0.53g, 97%) as a pale yellow solid, m.p. 176-180°C (decomp.). 
Microanalysis Found: C, 47.98; H, 4.74; N, 3.56; Br, 21.86; S, 8.34%. 
C 15H 18BrNO3S requires C, 48.40; H, 4.87; N, 3.76; Br, 21.46; 
s, 8.61%. 
IR (NaCl) Uma/cm- 1 2965, 2928, 1722, 1670, 1600, 1576, 1426, 1215, 1041. 
1 H NMR (300 MHz) o 1.03 (9H, s, SC(CH 3))), 2.20 - 2.90 (4H, m, 
COCH2CH2CHS), 5.15 (lH, m, CHS), 7.71 (lH, d, J 8.2 Hz, ArH, H-5), 7.90 (lH, 
d, J 8.2 Hz, ArH, H-6), 7.99 (lH, s, ArH, H-2) . 
13C NMR (75 MHz) o 29.80 (CH2CO), 31.06 (SC(CH3h), 31.12 (CH2CS), 44.08 
(SC(CH3h), 63.81 (CHS), 129.05 (ArC), 129.82 (ArC), 131.20 (ArCH), 133.16· 
(ArCH), 134.85 (ArCH), 135.79 (ArC), 169.12 (CO2CH3), 174.82 (CON). 
MS EI m/z (70eV) 284 (M+-SC(CH3)J, 98%), 282 (M+-SC(CH3)J, 100), 91 (39), 57 
(53). 
MS CI mlz (70eV) 374 (M++H, 47%), 372 (M++H, 39), 284 (M+-SC(CH3)J, 97), 282 
(M+ -SC(CH3h, 100). 
HRMS M+-SC(CH3h C 11 H979BrNO3 requires 281.9766, found 281.9766. 
1,2,3,3a-Tetrahydro-1-oxo-(1H)pyrrolo[2, 1-h.] benzothiazole-7-carboxylic 
acid (83). 
A stirred solution of 4-bromo-3-{ 5-[(l, 1-dimethylethyl)thio ]-
2-oxo- l-pyrrolidinyl} benzoic acid 120 (0.12g, 0.3lmmol), 
AIBN (5mg) and tributyltin hydride (87mg, 0.3 lmmol) in 
dry degassed benzene ( 10ml) wa heated at reflux under 
nitrogen for 20 h. The yellow suspension was cooled to 
room temperature and filtered. The yellow olid thus isolated 
83 
was dried to afford l ,2,3,3a-tetrahydro-1-oxo-( 1 H)pyrrolo[2, 1-.b.]benzothiazole-7-
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carboxylic acid 83 (43mg, 59%), m.p. 200-202°C. This reaction was also carried out 
with toluene substituted for benzene, and tris(trimethylsilyl)silane for tributyltin hydride 
(see Table 2 Section 2.6). 
IR (NaCl) Uma/cm- 1 1696, 1596, 1453, 1417, 1376, 1291, 1252, 1205. 
1H NMR (300 MHz) o 2.40 - 2.90 (4H, m, COCH2CH2CHS), 5.60 (lH, bs, CO2H), 
5.99 (lH, m, CHS), 7.11 (lH, d, J 8.0 Hz, ArH, H-5), 7.67 (lH, dd, J 8.0 Hz, 1.2 
Hz, ArH, H-6), 8.13 (lH, d, J 1.2 Hz, ArH, H-8) . 
13C NMR (75 MHz) o 28.37 (CH 2CO), 33 .94 (CH 2CS), 69.25 (CHS), 117.77 
(ArCH), 121.77 (ArCH), 127.34 (ArC.H), 128.35 (ArC), 135.47 (ArC), 139.02 (ArC), 
167.51 (CO2H), 172.23 (CON). 
MS EI mlz (70eV) 235 (M+, 35%), 180 (100), 162 (21), 134 (9), 78 (42). 
HRMS M+ C 11 H9NO3S requires 235.0303, found 235 .0304. 
Methyl 3-bromo-2-(2,5-dioxo-1-pyrrolidinyl)benzoate 
A mixture of succinic anhydride (1.36g, 14mmol), methyl 3-
bromoanthranilate 107 (2.62g, 1 lmmol) and DMAP (30mg) 
was heated at 160°C under nitrogen for 20 h. The dark brown 
melt was cooled to room temperature, dissolved in 
dichloromethane (20ml), and filtered to remove unreacted 
succinic anhydride. The filtrate was washed with water 
(124). 
~:~, 
0 
(lxlOml) and then brine (lxlOrnl), dried and the solvent was removed at reduced 
pressure, to afford the crude product as a brown solid (2.1 0g), which was purified by 
column chromatography [dichloromethane] to afford methyl 3-bromo-2-(2,5-dioxo-1-
pyrrolidinyl)benzoate 124 ( 1.95g, 55%) as a white solid, m.p. 204-206°C. 
Microanalysis Found: C, 45.91; H, 3.20; N, 4.37; Br, 25.91 %. 
C12H1oBrNO4 requires C, 46.17; H, 3.23; N, 4.49; Br, 25.61%. 
IR (NaCl) Uma/cm-1 1714, 1467, 1450, 1386, 1293, 1275, 1189, 1159. 
1H NMR (300 MHz) o 2.95 (4H, s, COCH2CH2CO), 3.82 (3H, s, CO2CH3), 7.40 
(lH, dd, J 8.1 Hz, 8.1 Hz, ArH, H-5) , 7.87 (lH, dd, J 8.1 Hz, 1.4 Hz, ArH, H-4), 
8.09 (lH, dd, J 8.1 Hz, 1 .4 Hz, ArH, H-6) . 
13C NMR (75 MHz) o 28 .97 (COCH2CH 2CO), 52.63 (CO2CH 3), 125.03 (ArC), 
129.42 (ArC), 130.69 (ArCH), 130.89 (ArC.H), 132.38 (ArC.), 137.39 (Arc.H), 163.77 
(CO2CH3), 175.61 (CON). 
MS EI mlz (70eV) 313 (M+, 1 %), 311 (M+, 1), 282 (M+-OCH3, 3), 280 (M+-OCH3, 
3), 253 (M+-HCO2CH 3, 4), 251 (M+-HCO2CH3, 4), 232 (M+-Br, 89), 200 (72), 55 
(100) . 
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Attempted bromination of 1-methyl-2-oxo-pyrrolidine (131) and N-(2-
bromophenyl)-2-oxo-pyrrolidine (135). 
Thermolytic method. 254•255 
A solution of N-bromosuccinimide (NBS) (0.36g, 2.0mmol) in dry carbon tetrachloride 
(2ml) was added to a solution of l-methyl-2-oxo-pyrrolidine 131 (0.20g, 2.0mmol) in 
dry carbon tetrachloride (2ml) with stirring under nitrogen. The mixture was then heated 
to reflux for 16 h and cooled to room temperature. The mixture was washed with sodium 
· thiosulfate (10% aqueous solution, lx5ml), water (lx5m1), dried and the solvent was 
removed at reduced pressure. The crude mixture was then analysed by I H NMR 
spectroscopy, and was shown to be a complex mixture of bromination and elimination 
products. 
Photolytic method.253 
A mixture of l-methyl-2-oxo-pyrrolidine 131 (0.20g, 2.0mmol), NBS (0.36g, 
2.0mmol) and AIBN (10mg) in dry carbon tetrachloride ( 4ml) was irradiated by a 
mercury lamp under nitrogen with tirring for 2 h. The resultant suspension was filtered 
and the solvent was removed from the filtrate at reduced pressure to yield a brown oil. 
This was then analysed by 1H NMR spectroscopy, and was shown to be a complex 
mixture of bromination and elimination products. 
4-Chloro-N-(2-bromophenyl)butanamide (137). 
A mixture of 4-chlorobutyryl chloride 136 (1.00g, 7. lmmol), 2-
bromoaniline 109 (1.22g, 7.lmmol) and anhydrous potassium 
carbonate (2.1 0g, 15mmol) in anhydrous ether ( 10ml) was 
stirred under nitrogen for 40 min at room temperature. Water 
(10ml) was added and the mixture was stirred for a further 10 
min. The resultant two phases were separated and the aqueous 
~~~' 
0 
137 
solution was extracted with dichloromethane (3x 10ml). The combined organic extracts 
were dried and the solvent was removed at reduced pressure to afford the crude product 
as a pale red solid (2.07g), which was purified by column chromatography [ether : 
hexane (1:4)]. The major fraction isolated was 4-chloro-N-(2-bromophenyl)butanamide 
137 (1.66g, 85%), as a white solid, m.p. 65-66°C. 
Microanalysis Found: C, 43.16; H, 3.86; N, 4.93; Br, 29.11; Cl, 12.90%. 
C 10H 11 BrClNO requires C, 43.43; H, 4.01; N, 5.06; Br, 28.89; 
Cl, 12.82%. 
IR (NaCl) Uma/cm-1 3290, 3109, 3036, 2971 , 2938, 1661, 1592, 1584, 1530, 1475, 
1441, 1418, 1300, 1288, 1034, 756, 668 . 
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1H NMR (300 MHz) 8 2.22 (2H, p, J 6.3 Hz, CCH 2C), 2.63 (2H, t, J 6.3 Hz, 
CH2CON), 3.67 (2H, t, J 6.3 Hz, CH2Cl), 6.97 (lH, ddd, J 8.1 Hz, 7.8 Hz, 1.5 Hz, 
ArH, H-4), 7.30 (lH, ddd, J 8.1 Hz, 7.8 Hz, 1.5 Hz, ArH , H-5), 7.53 (lH, dd, J 8.1 
Hz, 1.5 Hz, ArH, H-3) , 7.63 (lH, bs, NH), 8.31 (lH, dd, J 8.1 Hz, 1.5 Hz, ArH, H-
6). 
13C NMR (75 MHz) 8 27.72 (CCH 2C), 34.18 (CH2CON), 44.16 (CH2Cl), 113.46 
(ArC), 122.06 (ArCH), 125.26 (ArCH), 128.2 1 (ArCH), 132.15 (ArCH), 135.31 
(ArC), 169.95 (CO). 
MS EI m/z (70eV) 277 (M+, 4%), 275 (M+, 3), 198 (M+-Br, 12), 196 (M+-Br, 34), 173 
(93), 171 (100). 
N-(2-Bromophenyl)-2-oxo-pyrrolidine (135). 
A mixture of 4-chloro-N-(2-bromophenyl )butanamide 137 
(0.94g, 3.4mmol) and potassium hydroxide (2.00g, 36mmol) in 
ethanol (20ml) was stirred for 1.5 h at room temperature. The 
solution was diluted with water (80ml) and extracted with 
dichloromethane (3x20ml). The organic extract was then dried 
and the solvent was removed at reduced pressure to yield the 
135 
crude product as a pale yellow oil (0.76g), which was purified by col~mn 
chromatography [ether : hexane (1:2)] to afford N-(2-bromophenyl)-2-oxo-pyrrolidine 
135 (0.70g, 86%) as a white solid, m.p. 52-55°C (lit.414 m.p. 54.5-55°C). 
Microanalysis Found: C, 49.98; H, 4.31; N, 5.78; Br, 33.20%. 
C 10H10BrNO requires C, 50.03; H, 4.20; N, 5.83; Br, 33.28%. 
IR (NaCl) Umax/cm-1 2980, 2890, 1704, 1590, 1479, 1409, 1310, 1261, 1248, 1032. 
1H NMR (300 MHz) 8 2.24 (2H, p, J 6.9 Hz, CCH 2C), 2.58 (2H, t, J 6.9 Hz, 
CH2CON), 3.77 (2H, t, J 6.9 Hz, CH 2NCO), 7.27 (3H, m, ArH), 7.64 ( lH, dd, J 
8.1 Hz, 1.5 Hz, ArH). 
13C NMR (75 MHz) 8 18.92 (CCH2C), 30.92 (CH2CON), 49.91 (CH2NCO), 122.08 
(Arg, 128.37 (ArCH), 129.3 1 (ArCH), 129.42 (ArCH), 133.39 (ArCH), 137.66 
(ArC), 174.69 (CO). 
MS EI m/z (70eV) 241 (M+, 1%), 239 (M+, 1), 199 (1) , 197 (1 ), 186 (15), 184 (17), 
160 (M+-Br, 100). 
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N-(2,6-Dibromophenyl)-2,5-dioxo-pyrrolidine (140). 
A mixture of succinic anhydride (l.00g, 9.9mmol), 2,6-
dibromoaniline 139 (l.00g 3.9mmol) and DMAP (10mg) was 
heated at 150°C under nitrogen for 18 h. The dark brown melt 
was then cooled to room temperature, dissolved in 
dichloromethane (20ml) and filtered to remove unreacted succinic 
anhydride. The filtrate was washed with water (lxl0rnl) and 
~N:q, 
0 Br 
140 
then brine (lx l0rnl), dried and the solvent was removed at 
reduced pressure to afford the crude product as a brown solid (1.09g). The solid was 
purified by column chromatography [dichloromethane] to afford unreacted 2,6-
dibromoaniline (0.17 g, 17% ), and N-(2,6-dibromophenyl)-2,5-dioxo-pyrrolidine 140 
(0.95g, 72%) as a white solid, m.p. 172-174°C. 
Microanalysis Found: C, 36.20; H, 1.88; N, 4.14; Br, 48.17%. 
C10H7Br2NO2 requires C, 36.07; H, 2.12; N, 4.21; Br, 47.99%. 
IR (NaCl) Umax/cm- 1 3480 (b), 1720, 1462, 1439, 1374, 1182, 793. 
1H NMR (300 MHz) o 2.87 (4H, s, COCH2CH2CO), 7.12 (lH, t, J 8.2 Hz, ArH, H-
4), 7.56 (2H, d, J 8.2 Hz, ArH, H-3,5). 
13C NMR (75 MHz) o 28.48 (COCH2CH2CO), 123.49 (ArC), 131.04 (ArC), 131.87 
(ArCH), 132.14 (ArCH), 174.14 (CO). 
MS EI m/z (70eV) 335 (M+, 1%), 333 (M+, 3), 331 (M+, 1), 334 (M+-H, 2), 332 (M+-
H, 3), 330 (M+-H, 2), 279 (1), 277 (3), 275 (1), 254 (M+-Br, 66) , 252 (M+-Br, 71), 
170 (17), 168 (18), 145 (12), 88 (26), 55 (100). 
N -(2,6-Dibromopheny 1)-5-[ ( 1, 1-dimethylethyl)thio )-2-oxo-pyrrolidine 
(142). 
An ethereal solution of zinc borohydride (0.14M, 64ml , 
8.9mmol) was added dropwise to a stirred mixture of N-(2,6-
dibromophenyl)-2,5-dioxo-pyrrolidine 140 (0.95g, 2.8mmol) 
and an ethereal solution of zinc chloride (0.14M, 64ml, 
8.9mmol) under nitrogen. The solution was stirred for 24 h, 
and then the excess borohydride was destroyed by the addition 
of acetic acid ( 10% aqueous solution). The solution was then 
extracted with dichloromethane (3x50rnl). The organic extract 
~ 
¢NP.• 
0 Br 
142 
was washed with aqueous sodium bicarbonate (lx30ml, 10% aqueous solution), then 
brine (I x30rnl), dried and the olvent was removed at reduced pressure to afford the 
crude hydroxylactam as a white solid. The solid was dissolved in dichloromethane 
(19ml) and then added to a solution of !-butyl mercaptan (0.31ml, 0.24mol) and p-
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toluenesulfonic acid (15mg) in dichloromethane (19ml), and the solution was stirred at 
room temperature for 24 h. The solution was then washed with aqueous potassium 
hydroxide (lxl0mJ, 0.lM), dried and the solvent was removed at reduced pressure to 
yield the crude product as a white solid, which was purified by column chromatography 
[dichloromethane] to afford N-(2,6-dibromophenyl)-5-[(l, 1-dimethylethyl)thio ]-2-oxo-
pyrrolidine 142 (0.80g, 68%) as a white solid, m.p. 145-150°C. 
Microanalysis Found: C, 41.32; H, 4.13; N, 3.25; Br, 39.11; S, 7.64%. 
C 14H 17Br2NOS requires C, 41.30; H, 4.21; N, 3.44; Br, 39.25; 
S, 7.87%. 
IR (NaCl) Uma/cm- 1 2970, 1718, 1557, 1457, 1438, 1369, 1213, 797, 728. 
1 H NMR (300 MHz) 8 1.11 (9H, s, SC(CH._3)]), 2.25 - 2.85 (4H, m, 
COCH2CH2CHS), 5.34 (lH, t, J 6.0 Hz, CHS), 7.08 (lH, t, J 8.4 Hz, ArH, H-4), 
7.56 (lH, d, J 8.4 Hz, ArH), 7.64 (lH, d, J 8.4 Hz, ArH). 
13C NMR (75 MHz) 8 30.28 (CH 2CO), 31.11 (SC(CH 3))), 31.96 (CH2CS), 43.92 
(SC(CH3))), 63.43 (CHS), 124.26 (ArC), 127.69 (ArC), 130.65 (ArCH), 132.13 
(ArCH), 132.86 (ArCH), 135.44 (ArC), 172.98 (CO). 
MS EI mlz (70eV) 410 (M+ +H, 1 %), 408 (M+ +H, 1), 406 (M+ +H, 1), 320 (M+ -
SC(CH3)), 31), 318 (M+-SC(CH3)3, 67), 316 (M+-SC(CH3)), 36), 75 (31), 57 (100). 
1,2,3,3a-Tetrahydro-1-oxo-(1H)pyrrolo[2,1-hl-8-bromo benzothiazole 
(144). 
A solution of tributyltin hydride (79mg, 0.28mmol) and AIBN 
(5mg) in benzene (5ml) was added very slowly (by syringe 
pump, typically 10ml over 3 h) to a refluxing solution of N-(2,6-
dibromopheny l )-5-( ( 1, 1-dimethy lethy l)thio ]-2-oxo-pyrrolidine 
142 (0.10g, 0.25mmol) in dry degassed benzene (10ml) under 
yYi, 
0 r, 
Br 
nitrogen. After the addition was complete, the solution was 144 
heated at reflux for a further 10 h. The solution was then cooled to room temperature and 
the solvent was removed at reduced pressure. The resultant yellow oil was purified by 
radial chromatography [dichloromethane : methanol (50: 1)]. The major fraction isolated 
was 1,2,3,3a-tetrahydro-1-oxo-( 1 H)pyrrolo[2, 1-.b.]-8-bromobenzothiazole 144 (23mg, 
35%), as a pale yellow solid, m.p. 83-86°C. 
IR (NaCl) Umax/cm-1 1731 , 1456, 1429, 1344, 1262, 1178, 770. 
1H NMR (300 MHz) 8 2.45 - 2.95 (4H, m, COCH 2CH 2CHS), 6.08 (lH, dd, J 7.2 
Hz, 2.7 Hz, CHS), 6.98 (lH, dd, J 7.8 Hz, 7.8 Hz, ArH , H-6) , 7.14 (lH, dd, J 7.8 
Hz, 1.1 Hz, ArH , H-5), 7.27 (lH, dd, J 7.8 Hz, 1.1 Hz, ArH, H-7). 
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13C NMR (75 MHz) o 22.73 (CH2CO), 31.33 (CH2CS), 71.93 (CHS), 114.22 (ArC), 
121.69 (ArCH), 128.37 (NCH), 129.71 (ArCH), 137.49 (ArC), 176.22 (CO). 
MS EI m/z (70eV) 271 (M+, 21 %), 269 (M+, 20), 216 (44), 214 (44), 158 (33), 84 
(68), 49 (100). 
HRMS M+ C10H879BrNOS requires 270.9490, found 270.9490. 
4-Chloro-N-(6-bromo-2-carbomethoxy)butanamide (145). 
A mixture of 4-chlorobutyryl chloride 136 (0.97g, 6.9mmol), ~Cl H-µ,Br 
5 
methyl 3-bromoanthranilate 107 (1.58g, 6.9mmol) and 1/ \\ N , 4 
anhydrous potassium carbonate (3.00g, 21mmol) in dry ether 
(10ml) was stirred under nitrogen at room temperature for 24 h. 3 
Water (10ml) was added and stirring was continued for another 
30 min. The aqueous layer was isolated, and extracted with 
dichloromethane (3x10rnl). The dichloromethane extract was 
0 CO2Me 
145 
washed with aqueous sodium bicarbonate solution (lxlOrnl, saturated) to remove traces 
of 4-chlorobutyric acid, dried and the solvent was removed at reduced pressure to afford 
the crude product as a yellow oil (3.39g), which was purified by column chromatography 
[dichloromethane] to afford 4-chloro-N-(6-bromo-2-carbomethoxy)butanamide 145 
(2. 13g, 93%) as a pale yellow solid, m.p. 75-77°C. 
Microanalysis Found: C, 42.83 ; H, 3.71 ; N, 4.07 ; Br, 23.69; Cl, 10.51 %. 
C12H 13BrClNO3 requires C, 43.08 ; H, 3.92; N, 4.19; Br, 23.88; 
Cl , 10.60%. 
IR (NaCl) Umaxfcm· 1 3260 (b), 2959, 1736, 1670, 1596, 1518, 1449, 1294, 1211, 
1156, 1107, 976, 760,717. 
1H NMR (300 MHz) o 2.19 (2H, p, J 6.8 Hz, CCH 2C), 2.61 (2H, t, J 6.8 Hz, 
CH 2CON), 3.67 (2H, t, J 6.8 Hz, CH 2Cl), 3.87 (3H, s, CO2CH 3), 7.14 (lH, dd, J 
7.8 Hz, 7.8 Hz, ArH, H-4) , 7.75 (lH, dd, J 7.8 Hz, 1.4 Hz, ArH , H-5) , 7.81 (lH, 
dd, J 7.8 Hz, 1.4 Hz, ArH, H-3), 8.26 (lH, bs, NH). 
13C NMR (75 MHz) o 27.61 (CCH 2C), 32.93 (CH 2CON), 43.96 (CH 2Cl), 52.20 
(CO2CH 3), 121.22 (ArC), 126.47 (ArCH), 128.01 (ArC), 129.11 (ArCH), 134.59 
(ArC), 136.07 (ArCH), 166.06 (GO2CH3), 170.24 (CON) . 
MS EI mlz (70eV) 338 (M+, 1 %), 336 (M+, 1), 335 (M+, 1), 333 (M+, 1), 318 (1), 316 
(1) , 304 (4), 302 (3), 254 (49), 231 (69) , 229 (74), 199 (60), 197 (65), 105 (53), 90 
(83), 77 (79), 63 (100). 
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3-Bromo-2-(2-oxo-1-pyrrolidinyl)benzoic acid (146). 
Method A. A mixture of 4-chloro-N- ( 6 - bromo-2 -
carbomethoxy)butanarnide 145 (1.88g, 5.6mmol) and potassium 
hydroxide (4.00g, 71mmol) in ethanol (40ml) was stirred at 
room temperature for 1.5 h. The solution was then diluted with 
water (160ml) and extracted with dichloromethane (lx50ml). 
The aqueous phase was acidified to pH 2 with hydrochloric acid 
· (36% by weight), and re-extracted with dichloromethane 
174 
146 
(3x50ml). This dichloromethane extract was dried and the solvent was removed at 
reduced pressure to afford 3-bromo-2-(2-oxo- l -pyrrolidinyl)benzoic acid 146 ( 1.17 g, 
73%) as a white solid, m.p. >230°C. 
Microanalysis Found: C, 46.72; H, 3.61 ; N, 4.59; Br, 28.17%. 
C 11 H lOBrNO3 requires C, 46.50; H, 3.55 ; N, 4.93 ; Br, 28 .12%. 
IR (NaCl) 'llmax/cm·1 1717, 1638, 1490, 1472, 1309, 1284, 1255, 82 1, 767. 
1H NMR (300 MHz) 8 2.09 - 2.24 (2H, m, CCH2C), 2.39 - 2.50 (2H, m, CH2CON), 
3.63 - 3.85 (2H, m, CH 2NCO), 7.22 (l H, dd, J 7.9 Hz, 7.9 Hz, ArH , H-5), 7.74 
(lH, dd, J 7.9 Hz, 1.5 Hz, ArH, H-4), 7.93 (lH, dd, J 7.9 Hz, 1.5 Hz, ArH, H-6). 
13C NMR (75 MHz) 8 19.25 (CCH2C), 31.19 (CH2CON), 49.27 (CH2NCO), 124.68 
(ArC), 129.03 (ArCH), 130.95 (ArCH), 131.99 (ArC), 136.64 (ArCH), 137.44 (ArC) , 
166.31 (C.O2H), 175.72 (CON). 
MS EI mlz (70eV) 285 (M +, 1 %), 283 (M+, 1), 240 (1), 239 (1 ), 238 (2), 237 (1), 236 
(1 ), 204 (M+-Br, 100), 186 (14), 160 (1 7), 75 (27). 
Method B. A mixture of 4 -chlorobutyryl chloride 136 (0.38g, 2.7mmol), 3-
bromoanthranilic acid 112 (0.50g, 2.3mmol) and pyridine (0.87g, l lmmol) in 
tetrahydrofuran (THF) (30ml) was stirred under nitrogen at room temperature for 48 h. 
An additional amount of 4-chlorobutyryl chloride 136 (0.38g, 2.7mmol) and pyridine 
(0.83g, l lmmol) were then added, and the mixture was stirred for a further 24 h. The 
resultant white suspension was partitioned between aqueous sodium hydroxide (O. lM, 
50ml) and dichloromethane (50ml). The aqueous phase was isolated, acidified to pH 2 
with hydrochloric acid (36% by weight), and extracted with dichloromethane (3x20m1). 
This dichloromethane extract was then dried and the solvent was removed at reduced 
pressure to afford the chloride as a white solid (0.86g). The solid was then dissolved in 
ethanol (20ml) containing potassium hydroxide (2.00g, 36mmol), and stirred at room 
temperature for 2 h. The solution was diluted with water (20ml) and extracted with 
dichloromethane (lx20ml). The aqueous phase was acidified with hydrochloric acid 
(36% by weight) to pH 2 and re-extracted with dichloromethane (3x20m1). This 
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dichloromethane extract was dried and the solvent was removed at reduced pressure to 
afford 3-bromo-2-(2-oxo-l-pyrrolidinyl)benzoic acid 146 (0.66g, 100%) as a white 
solid identical to that described above. 
Methyl 3-bromo-2-(2-oxo-1-pyrrolidinyl)benzoate (128). 
3-Bromo-2-(2-oxo-1-pyrrolidinyl)benzoic acid 146 (1.10g, 
4.0mmol) was added to a stirred mixture of methanol (5ml) and 
sulfuric acid (0.5ml, 98% by weight). The mixture was then 
heated at reflux for 12 h. The pale yellow solution was diluted 
with water (10ml), adjusted to pH 9 by the addition of sodium 
carbonate, and then extracted with dichloromethane (3xl0ml). 
The remaining aqueous phase was acidified to pH 2 with 
128 
hydrochloric acid (36% by weight), extracted with dichloromethane (3x10ml), and the 
organic extract was dried and the solvent was removed at reduced pressure to yield 
unreacted 3-bromo-2-(2-oxo-l-pyrrolidinyl )benzoic acid 146 (0.12g, 11 % ). The 
original organic extract was dried and the solvent was removed at reduced pressure to 
yield methyl 3-bromo-2-(2-oxo-l-pyrrolidinyl)benzoate 128 (0.99g, 83%) as a pale 
yellow oil. 
Microanalysis Found: C, 48.19; H, 4.04; N, 4.60; Br, 26.78%. 
C12H 12BrNO3 requires C, 48.34; H, 4 .06; N, 4.70; Br, 26.80%. 
IR (NaCl) 'Uma/cm- 1 2960, 2898, 1733, 1705, 1590, 1555, 1456, 1403, 1304, 1290, 
1264, 1211 , 1159, 1130, 1102. 
1H NMR (300 MHz) 8 2.14 - 2.27 (2H, m, CCH2C), 2.43 - 2.52 (2H, m, CH2CON), 
3.60 - 3.88 (2H, m, CH2NCO), 3.82 (3H, s, CO2CH3), 7.23 (lH, dd, J 7.9 Hz, 7.9 
Hz, ArH , H-5), 7.76 (lH, dd, J 7.9 Hz, 1.6 Hz, ArH , H-4), 7.88 ( lH, dd, J 7.9 Hz, 
1.6 Hz, ArH, H-6) . 
13C NMR (75 MHz) 8 19.18 (CCH2C), 31.00 (CH2CON), 49.14 (CH2NCO), 52.45 
(CO2CH 3), 124.79 (ArC), 129.05 (ArCH), 130.40 (ArCH), 130.96 (Arh), 136.94 
(ArCH), 137.47 (ArC), 164.84 (.CO2CH3) , 175.94 (CON). 
MS EI m/z (70eV) 299 (M+, 1 %), 297 (M+, 1), 268 (1), 266 (2), 240 (2), 238 (5), 218 
(M+-Br, 100), 210 (18). 
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Methyl 3-bromo-2-(2-oxo-5-benzoyl-1-pyrrolidinyl)benzoate (148). 
A stirred solution of methyl 3-bromo-2-(2-oxo-l-pyrrolidin-
yl)benzoate 128 (0.1 lg, 0.35mmol) and cuprous chloride (1mg) 
in dry degassed benzene (5ml) was heated at reflux under 
nitrogen. A solution oft-butyl peroxybenzoate (0.23g, l.2mmol) 
¢N~ 
in benzene (1ml) was then added slowly (by syringe pump, 
typically 1ml over 30 min) to the solution. After the addition was 148 
complete, the solution was kept at reflux for a further 10 h. The resultant pale green 
solution was cooled to room temperature and the solvent was removed at reduced 
pressure. The residue was partitioned between water (10ml) and dichloromethane 
(1 0ml). The organic phase was dried and the solvent was removed at reduced pressure to 
yield a yellow oil (0.3 lg), which was purified by column chromatography 
[ dichloromethane : acetone (1 5: 1)]. The first fraction isolated was methyl benzoate 
(0.15g, l. lmmol). The third fraction isolated was unreacted methyl 3-bromo-2-(2-oxo-
l -pyrrolidinyl)benzoate 128 (60mg, 58% ). The second fraction isolated afforded methyl 
3-bromo-2-(2-oxo-5-benzoyl-1-pyrrolidinyl)benzoate 148 (55mg, 38%) as a pale yellow 
solid, which crystallised from t-butyl methyl ether / light petroleum to afford the title 
compound as white crystals, m.p. 156-158°C. NMR examination revealed that 148 
existed as a mixture of atropisomers. 
Microanalysis Found: C, 54.42; H, 3.96; N, 3. 13; Br, 19.30%. 
C19H16BrNO5 requires C, 54.56; H, 3.86; N, 3.35; Br, 19.10%. 
IR (NaCl) Umaxfcm-1 3440, 3071 , 3000, 2960, 1730, 1606, 1590, 1570, 1496, 1455, 
1400, 1355, 1320, 1290, 1265, 1230, 1180, 1165, 1145, 1100, 1074, 1030, 965, 890, 
842, 817, 765 , 719, 691 , 667 . 
1H NMR (300 MHz) 8 2.28 - 3.01 (4H, m, COCH2CH2CHS), 3.71 , 3.89 (3H, two s, 
COCH3), 6.69, 6.80 (lH, d, J 5.9 Hz, CHOBz), 7.23 - 8.10 (8H, m, ArH). 
13C NMR (75 MHz) 8 29.03 (CH2CO), 29.77 (CH2COBz), 53 .37, 53.41 (CHOBz), 
85 .21, 88.13 (CO2CH3), 124.37 (ArC), 126.80 (ArC), 128.36 (ArCH), 129.32 (ArQ, 
129.49 (ArC ), 129.50 (ArCH), 129.64 (ArCH), 129.73 (ArCH), 129.77 (ArCH), 
131.89 (ArC), 133.29 (ArCH), 133.67 (ArCH), 135.1 3 (ArC), 136.35 (ArC) , 137.14 
(ArCH), 137.75 (ArCH), 165.98, 167.78 (CO2CH3), 171.45 (COPh), 175.30 (CON). 
MS EI m/z (70eV) 338 (M+-Br, 13%), 314 (M+-COPh, 42), 312 (M+-COPh, 42), 298 
(27), 296 (28), 282 ( 40), 280 ( 41 ), 266 ( 432), 264 ( 42), 105 ( 100). 
MS CI mlz (70eV) 437 (M++NH4 , 4%), 435 (M++NH 4 , 6), 420 (M++H, 1) 418 
(M++H, 1), 298 (99), 296 (1 00). 
Chapter 5 177 
Methyl 3-bromo-2-{ 5-[ ( 1, 1-dimethy le thy l)thio ]-2-oxo-1-pyrrolidinyl }-
benzoate (130). 
p-Toluenesulfonic acid (5mg) and t-butyl mercaptan (32mg, 
0.04ml, 0.35mmol) were added to a stirred solution of methyl 3-
bromo-2-(2-oxo-5-benzoyl-l-pyrrolidinyl)benzoate 148 (50mg, 
0.12mmol) in dry dichloromethane (5ml) under nitrogen. The 
solution was then stirred at room temperature for 24 h. It was 
then washed with aqueous potassium hydroxide (l x5ml, O. lM), 
dried and the solvent was removed at reduced pressure to yield 
the crude thioether as a white solid (60mg). The solid was then 
purified by radial chromatography [ dichloromethane : hexane ( 1: 1)] to afford methyl 3-
bromo-2- { 5-[( 1, l-dimethylethyl)thio] -2-oxo- l-pyrrolidinyl} benzoate 130 (50mg, 
100%) as a white solid, m.p. 133-135°C. NMR examination revealed that 130 existed 
as a mixture of atropisomers. 
Microanalysis Found: C, 49.57 ; H, 5.22; N, 3.35; Br, 20.35; S, 8.18%. 
C 16H20BrNO3S requires C, 49.75; H, 5.22; N, 3.63 ; Br, 20.68; 
S, 8.30%. 
IR {NaCl) Umax/cm-1 2971 , 1721 , 1453, 1370, 1294, 1264, 1209, 1151 , 1100. 
1H NMR (300 MHz) o 0.99, 1.03 (9H, two s, SC(CH 3)]), 2.20 - 2.90 (4H, m, 
COCH2CH2CHS), 3.83, 3.86 (3H, two s, CO2CH 3), 5.13, 5.25 ( lH, two dd, J 7.4 
Hz, 5.8 Hz, CHS), 7.28, 7.29 (I H, two dd, J 7.7 Hz, 7.7 Hz, ArH, H-5), 7.77, 7.88 
(IH, two d, J 7.7 Hz, ArH, H-4), 7.97, 7.98 (I H, two d, J 7.7 Hz, ArH, H-6). 
13C NMR (75 MHz) o 30.19 (CH2CO), 30.83, 30.87 (SC(CH3h), 31.51 (CH2CS), 
43.56 (SC(CH3)]), 52.35, 52.39 (CO2CH 3), 63.53, 65 .16 (CHS), 125.51 (ArC ), 
128.91 (ArC) , 129.34, 129.61 (ArCH), 130.55, 130.63 (Ar.CH), 133.99 (ArC) , 135.52 
(ArC), 136.47, 137.55 (ArCH), 164.91 , 165.12 (CO2CH3), 173.90 (CON). 
MS EI m/z (70eV) 269 (19%), 267 (1 9), 240 (8), 238 (10), 214 (82), 212 (100). 
MS CI m/z (70eV) 388 (M++H, 44%), 386 (M++H, 43), 298 (M+-SC(CH3h, 100), 
296 (M+-SC(CH3h, 93), 250 (28), 218 (17). 
HRMS M+-SC(CH3h C12H1 /9BrNO3 requires 295 .9922, found 295 .9923. 
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3-Bromo-2-{ 5-[ (1, 1-dimethy lethyl)thio ]-2-oxo-1-pyrrolidinyl} benzoic 
acid (143). 
X 
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A mixture of methyl 3-bromo-2-{5-[(l,l-dimethylethyl)thio]-2-
oxo-1-pyrrolidinyl} benzoate 130 (0.15g, 0.39mmol) and 
potassium hydroxide (0.19g, 3.3mmol) in water (8ml) and 
methanol (22ml) was stirred at room temperature for 24 h. The 
resultant brown solution was diluted with water (30ml) and 
extracted with dichloromethane (lx20ml). The aqueous phase 
was then acidified to pH 2 with sulfuric acid (0.1 OM), and 
extracted with dichloromethane (3x20rnl). This dichloromethane 
c::~ 
0 CO2H 
143 
extract was dried and the solvent was removed at reduced pressure to yield 3-bromo-2-
{ 5-[(1,1-dimethylethyl)thio]-2-oxo-1-pyrrolidinyl}benzoic acid 143 (0.12g, 83%) as a 
pale yellow solid, m.p. 147-150°C. ~MR examination revealed that 143 existed as a 
mixture of atropisomers. 
IR (NaCl) "Uma/cm· 1 2970, 1722, 1665, 1452, 1398, 1370, 1210, 1161, 821 , 765. 
1H NMR (300 MHz) o 1.00, 1.03 (9H, two s, SC(CH 3))), 2.24 - 2.92 (4H, m, 
COCH2CH2CHS), 5.18, 5.25 (lH, two dd, J 7.3 Hz, 7.3 Hz, CHS), 7.20 - 8.08 (3H, 
m, ArH), 8.21 (lH, bs, CO2H). 
13C NMR (75 MHz) o 28.13, 29.63 (CH 2CO), 30.38, 31.69 (CH2CS), 30.83, 31.07 
(SC(CH 3h), 43.69, 43.74 (SC(CH 3h), 63.86, 65 .58 (CHS), 125.57 (ArC), 128.61 
(ArCH), 129.49 (ArC), 129.54 (ArCH), 129.84 (ArCH), 130.14 (ArC), 131.31 
(ArCH), 133.38 (ArC), 135.77 (ArC), 137.02 (ArC), 137.07 (ArkH), 139.50 (ArCH), 
167.40, 168.31 (CO2H), 174.88 (CON). 
MS EI m/z (70eV) 374 (M++H, 2%), 372 (M++H, 2), 298 (29), 296 (29), 284 (100), 
282 (100), 266 (50), 264 (49). 
MS CI m/z (70eV) 374 (M+ +H, 44%), 372 (M+ +H, 42), 298 (76), 296 (61), 284 
(100), 282 (100). 
HRMS M+-SC(CH3h C 11 H979BrNO3 requires 281.9766, found 281.9742. 
Methyl 1,2,3,3a-tetrahydro-1-oxo-(lill-pyrrolo[2, 1-.b.]benzothiazole-8-
carboxylate (151). 
A stirred solution of methyl 3-bromo-2-{ 5-[( 1, l-dimethyl-
ethyl)thio]-2-oxo-l-pyrrolidinyl} benzoate 130 (I 6mg, 0.041 
mmol) in dry degassed benzene (I 0ml) was heated at reflux 
under nitrogen. A dry degassed solution of tributyltin hydride 
(13mg, 0.045mmol) and AIBN (5mg) in benzene (5ml) wa 
added slowly (by syringe pump, typically 5ml in 1.5 h) to the 151 
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refluxing bromide solution. After complete addition of the tin hydride, the solution was 
kept at reflux for a further 2 h. The solution was then cooled to room temperature, the 
solvent was removed at reduced pressure, and the residue purified by radial 
chromatography [light petroleum : dichloromethane (1 : 1)] . This afforded methyl 
1,2,3,3a-tetrahydro-1-oxo-( 1 H)-pyrrolo[2, l-]2]benzothiazole-8-carboxylate 151 (8. 9mg 
88%) as a pale yellow solid, m.p. 134-138°C 
IR (NaCl) Uma/cm- 1 2960, 1730, 1444, 1356, 1304, 1254, 1194, 1116, 752, 741. 
· 1H NMR (300 MHz) 8 2.49 - 2.94 (4H, m, COCH 2CH 2CHS), 3.87 (3H, s, 
CO2CH3), 6.18 (lH, dd, J 5.4 Hz, 5.4 Hz, CHS) , 7.13 (lH, dd, J 7.7 Hz, 7.7 Hz, 
ArH, H-6), 7.31 (lH, dd, J 7.7 Hz, 1.5 Hz, ArH, H-5), 7.48 (lH, dd, J 7.7 Hz, 1.5 
Hz, ArH, H-7) . 
13C NMR (75 MHz) 8 25.89 (CH 2CO), 32.38 (CH 2CS), 52.46 (CO2CH3), 69.88 
(CHS), 123.39 (ArC), 125.47 (ArCH), 126.15 (Ar.CH), 126.32 (ArCH), 134.32 (ArC), 
135.81(ArC), 167.01 (CO2CH3), 173.85 (CON). 
MS EI m/z (70eV) 249 (M+, 43%), 194 (45), 162 (100), 134 (31 ). 
HRMS M+ C 12H 11 NO3S requires 249.0460, found 249.0460. 
1,2,3,3a-Tetrahydro-1-oxo-( 1 H )-pyrrolo[2, 1-hl benzothiazole-8-
carboxylic acid (84). 
A stirred solution of 3-bromo-2-{ 5-[(1 , 1-dimethylethyl)thio ]-2-
oxo-1-pyrrolidinyl} benzoic acid 143 (19mg, 0.05mrnol) in dry 
degassed benzene (10ml) was heated at reflux under nitrogen. A 
dry degassed solution of tributyltin hydride (14mg, 0.055mrnol) 
and AIBN (5mg) in benzene (5ml) was added slowly (by syringe 
pump, typically 5ml over 1.5h) to the refluxing bromide solution. 
yJrt 
0 F, 
CO2H 
84 
After compete addition of the tin hydride, the solution was kept at reflux for a further 2 h. 
The solution was then cooled to room temperature and the solvent was removed at 
reduced pressure. The residue thus obtained was dissolved in dichloromethane (10ml), 
and extracted with saturated aqueous sodium bicarbonate (3x5rnl). The basic aqueous 
extract was then acidified to pH 2 with hydrochloric acid (36% by weight) and extracted 
with dichloromethane (3x10rnl). This dichloromethane extract was dried and the solvent 
was removed at reduced pressure to afford l ,2,3,3a-tetrahydro-1-oxo-(1H) pyrrolo[2, l-
Q]benzothiazole-8-carboxylic acid 84 (4.0mg, 35%) as a white solid, m.p. >230°C. 
IR (NaCl) Uma/cm- 1 2935, 1721 , 1445. 
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1H NMR (300MHz) 8 2.50 - 3.05 (4H, m, COCH2CH2CHS), 4.30 (lH, bs, CO2H), 
6.16 (lH, dd, J 7.0 Hz, 4.3 Hz, CHS), 7.19 ( lH, dd, J 7.7 Hz, 7.7 Hz, ArH, H-6), 
7.36 (lH, dd, J 7.7 Hz, 1.4 Hz, ArH , H-5), 7.59 (lH, dd, J 7.7 Hz, 1.4 Hz, ArH , H-
7) . 
13C NMR (75 MHz) 8 25.05 (CH2CO), 32.08 (CH2CS), 70.11 (CHS), 124.36 (ArC), 
125.19 (ArCH), 126.24 (ArCH), 129.61 (ArCH), 134.41 (ArC), 135.69 (ArC), 168.15 
(CO2H), 174.02 (CON). 
MS EI m/z (70eV) 235 (M+, 39%), 180 (38), 162 (100), 134 (20). 
HRMS M+ C 11 H9!'lO3S requires 235 .0303, found 235 .0304. 
5.3 CHAPTER 3 EXPERIMENTAL 
1-Hydroxy-11-tosyloxy-3,6,9-trioxaundecane (193) and 1,11-di(tosyl-
oxy )-3,6,9-trioxaundecane (194 ). 
A solution of p-toluenesulfonyl chloride /\ /\ /\ /\ 
TsO O O O OH (2.49g, l 3mmol) in dry pyridine ( 4ml) was 
193 
added dropwise with stirring to a solution of 
tetraethylene glycol 169 (2.00g, l0mmol) in 
dry pyridine (6ml) under nitrogen at - I 0°C. Tsr r r r ~Ts 
The mixture was stirred at -l0°C for 4 h, and 
then allowed to warm to room temperature 
194 
over 16 h. The mixture was then poured onto crushed ice ( 1 00g) acidified with sulfuric 
acid (5ml, 98% by weight), and the slurry was then extracted with dichloromethane 
(3x30ml). The organic extract was washed with sulfuric acid (lx50ml, 10% aqueous 
solution), brine ( lx50ml), and then dried . The solvent was removed at reduced pressure 
to yield a mixture of the title compounds as a yellow oil (3.73g), which was purified by 
column chromatography [ dichloromethane : methanol (50: 1 )]. The first fraction eluted 
from the column contained l , l l-di(tosyloxy)-3,6,9-trioxaundecane 194 (1.86g, 36%) as 
a colourless oil. 
Microanalysis Found: C, 52.39; H, 6.41 ; S, 12.57%. 
C22H30O9S2 requires C, 52.58 ; H, 6.02; S, 12.76%. 
IR (NaCl) Uma/cm-1 2900, 1602, 1457, 1360, 1183, 1125, 1020, 925, 820, 779, 678. 
1H NMR (300 MHz) 8 2.41 (6H, , CH 3), 3.45 - 3.80 (1 2H, m, CH2O), 4.11 (4H, 
m, CH2OS), 7.31 (4H, d, J 8.3 Hz, ArH), 7.74 (4H, d, J 8.3 Hz, Arfl) . 
13C NMR (75 MHz) 8 21.53 (CH3), 68 .50 (CH2O), 69.18 (CH2O), 70.38 (CH2O), 
70.55 (CH2O), 127.82 (ArCH), 129.72 (ArCH), 132.70 (ArC), 144.74 (ArQ. 
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MS EI mlz (70eV) 173 (2%), 155 (CH3-C6H4SOt, 7), 107 (18), 91 (42), 63 (100). 
MS CI m/z (70eV) 522 (76%), 521 (82), 520 (M++NH4, 100), 503 (M++H, 10), 432 
(15), 331 (21) , 243 (36), 199 (94). 
The second fraction eluted contained l-hydroxy-11-tosyloxy-3,6,9-trioxaundecane 193 
( 1.62g, 45%) as a colourless oil. 
Microanalysis Found: C, 51.37; H, 7.17 ; S, 9.05%. 
C 15H24O7S requires C, 51.71 ; H, 6.94; S, 9.20%. 
IR (NaCl) 'Umax/cm-1 3450 (b), 2900 (b), 1603, 1457, 1358, 1194, 1180, 1125, 926, 
821 , 780, 669. 
1H NMR (300 MHz) 8 2.45 (3H, s, CH3), 3.50 - 3.80 (14H, m, CH2O), 4.14 (2H, 
m, CH2O), 7.31 (2H, d, J 8.3 Hz, ArH), 7.78 (2H, d, J 8.3 Hz, ArH). 
13C NMR (75 MHz) 8 21.49 (CH3), 61.48 (CH2OH), 68.49 (CH2O), 69.14 (CH2O), 
70.07 (CH2O), 70.24 (CH2O), 70.45 (CH2O), 70.51 (CH2O), 72.37, (CH2O) 127.81 
(ArCH), 129.71 (ArCH), 132.67 (Ar.C), 144.74 (ArC) . 
MS Eim/z (70eV) 349 (M++H, i %), 348 (M+, 1), 318 (M+-CH2O, 1), 317 (M+-
CH 2OH, 1), 305 (1), 273 (1 ), 243 (1 ), 155 (CHr C6H4SOt, 25), 91 (CH3-C6H/, 
100). 
MS CI m/z (70eV) 366 (M++NH4, 40%), 349 (M++H, 64), 230 (50), 215 (33), 213 
(100), 199 (27). 
1-Hydroxy-14-tosyloxy-3,6,9,12-tetraoxatetradecane (200) and 1,14-di-
(tosy loxy )-3,6,9, 12-tetraoxatetradecane (198). 
A solution of p-toluenesulfonyl /\ /\ /\ /\ /\ 
TuO O O O O OH 
chloride (5.20g, 27mmol) in dry 
pyridine ( 10ml) was added dropwise 200 
with stirring to a solution of penta- /\ /\ /\ /\ /\ 
ethylene glycol 196 (5.00g, 2lmmol) TsO o O O O OTs 
in dry pyridine (15ml) under nitrogen 198 
at -1 o·c. This mixture was then 
treated and worked up as described for the synthesis of l -hydroxy-11-tosyloxy-3,6,9-
trioxaundecane 193 above. The first fraction eluted from the column afforded 1, 14-
di(tosyloxy)-3,6,9, 12-tetraoxatetradecane 198 (2.92g, 25%) as a colourless oil. 
Microanalysis Found: C, 52.78; H, 6.18; S, 11.58%. 
C24H34O10S2 requires C, 52.73 ; H, 6.27; S, 11.73%. 
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IR (NaCl) 'Uma/cm-1 2880, 1601, 1499, 1455, 1360, 1311, 1297, 1251, 1195, 1180, 
1100, 1020, 925,820,780,669. 
1H NMR (300 MHz) 8 2.42 (6H, s, CH 3), 3.54 - 3.58 (12H, m, CH2O), 3.65 (4H, 
dd, J 5.0 Hz, 5.0 Hz, CH2O), 4.12 (4H, dd, J 5.0 Hz, 5.0 Hz, CH2OS), 7.31 (4H, 
d, J 7.9 Hz, ArH), 7.76 (4H, d, J 7.9 Hz, ArH). 
13C NMR (75 MHz) 8 21.58 (CH3), 68.58 (CH2O), 69.21 (CH2O), 70.41 (CH2O), 
70.50 (CH2O), 70.65 (CH2O), 127.90 (ArCH), 129.77 (ArCH), 132.83 (ArC), 144.77 
(ArC). 
MS EI m/z (70eV) 547 (M++H, 2%), 331 (2), 317 (3), 243 (16), 199 (CH3-C6H4-
SO3CH2CHt, 100), 155 (CHrC6H4SO2+, 70), 91 (CHrC6H/, 88). 
MS CI m/z (70eV) 564 (M++NH4, 20%), 476 (33), 428 (100), 394 (37), 350 (46), 199 
(57). 
The second fraction eluted contained 1-hydroxy-14-tosyloxy-3,6,9,12-tetraoxa-
tetradecane 200 (5.38g, 65%) as a colourless oil. 
Microanalysis Found: C, 52.33; H, 7.18; S, 8.24%. 
C17H28O8S requires C, 52.03; H, 7.19; S, 8.17%. 
IR (NaCl) 'Uma/cm- 1 3460 (b), 2880, 1603, 1457, 1404, 1360, 1296, 1252, 1195, 
1180, 1100, 1020, 928, 822, 780, 710, 670, 560. 
1H NMR (300 MHz) 8 2.42 (3H, s, CH3), 2.71 (lH, bs, OH.) , 3.40 - 3.72 (18H, m, 
CH2O), 4.13 (2H, dd, J 4.7 Hz, 4.7 Hz, CH2OS), 7.31 (2H, d, J 8.3 Hz, ArH.), 7.77 
(2H, d, J 8.3 Hz, ArH). 
13C NMR (75 MHz) 8 21.60 (CH3), 61.65 (~H2OH), 68 .60 (CH2O), 69.20 (CH2O), 
70.24 (CH2O), 70.43 (CH2O), 70.45 (CH2O), 70.52 (CH2O), 70.67 (CH2O), 70.89 
(CH2O), 72.42 (CH 2O), 127.93 (ArCH), 129.78 (ArCH), 132.86 (ArC), 144.76 
(ArC). 
MS EI m/z (70eV) 393 (M++H, 5%), 261 (4), 199 (CH3-C6H4-SO3CH2CHt, 100), 
155 (CH3-C6H4SOt, 59), 91 (CHrC6H/, 88). 
MS CI m/z (70eV) 410 (M++NH4, 100%), 393 (M++H, 25), 366 (6), 274 (39), 199 
(CH3-C6H4-SO3CH2CH2 +, 16). 
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1-Hydroxy-17-tosyloxy-3,6,9,12,15-pentaoxaheptadecane (201) and 
1,17-di(tosyloxy)-3,6,9,12,15-pentaoxaheptadecane (199). 
A solution of p-toluene- r--'\ r--'\ r--'\ r--'\ r--'\ r--'\ 
TuO O O O O O OH 
sulfonyl chloride (5.20g, 
27mmol) in dry pyridine 
(10ml) was added dropwise 
with stirring to a solution of 
hexaethylene glycol 197 
(5.92g, 2 lmmol) in dry 
201 
~ r--'\ r--'\ r--'\ r--'\ r--'\ 
TsO O O O O O OTs 
199 
pyridine (15ml) under nitrogen at -10°C. This mixture was then treated and worked up 
as described for the synthesis of 1-hydroxy-11 -tosyloxy-3,6,9-trioxaundecane 193 
above. The first fraction eluted from the column afforded 1, 17-di(tosyloxy) -
3,6,9,12, 15-pentaoxaheptadecane 199 (4.1 2g, 33%) as a colourless oil. 
Microanalysis Found: C, 53.30; H, 6.54; S, 10.82%. 
C26H3gO 11 S2 requires C, 52.87 ; H, 6.48 ; S, 10.85%. 
IR (NaCl) Uma/cm· 1 2880, 1602, 1455, 1360, 1195, 1180, 1100, 1024, 929, 821, 
780, 669. 
1H NMR (300 MHz) 8 2.42 ( lH, s, CH 3), 3.50 - 3.62 (16H, m, CH2O), 3.66 (4H, 
dd, J 4.9 Hz, 4.9 Hz, CH2O), 4. 13 (4H, dd, J 4.9 Hz, 4.9 Hz, CH2OS), 7.3 1 (4H, 
d, J 8.3 Hz, ArH.) , 7.77 (4H, d, J 8.3 Hz, ArH). 
13C NMR (75 MHz) 8 21.61 (CH3), 68.60 (CH2O), 69.21 (CH2O), 70.44 (CH2O), 
70.49 (CH 2O), 70.55 (CH 2O), 70.67 (CH 2O), 127.93 (ArCH), 129.78 (ArCH ), 
132.85 (ArC) , 144.77 (ArQ. 
MS EI mlz (70eV) 590 (M+, 1%), 503 (1), 501 (1), 414 (3), 287 (4), 199 (CHr C6H4-
SO3CH2CHt, 100), 155 (CHr C6H4SOt, 66), 91 (CHr C6H/, 68). 
MS CI m/z (70eV) 608 (M+ +NH4, 54%), 520 (32), 472 (100), 199 (CH3-C6H4-
SO3CH2CHt, 61 ). 
The second fraction eluted contained l-hydroxy-1 7-tosyloxy-3,6,9,12, 15-pentaoxa-
heptadecane 201 (4.97g, 54%) as a colourless oil. 
Microanalysis Found: C, 51.94; H, 7.22; S, 7.19%. 
C 19H32O9S requires C, 52.28; H, 7.39; S, 7.34%. 
IR (NaCl) Umaxfcm· 1 3480 (b), 2880, 1601 , 1455, 1360, 1299, 1255, 1195, 1182, 
1100, 1022, 927, 823, 780, 670. 
1H NMR (300 MHz) o 2.43 (3H, , CH3), 3.56 - 3.76 (22H, m, CH2O), 4.14 (2H, 
dd, J 4.7 Hz, 4.7 Hz, CH2OS), 7.33 (2H, d, J 8.2 Hz, ArH), 7.78 (2H, d, J 8.2 Hz, 
ArH). 
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13C NMR (75 MHz) 8 21.64 (CH3), 61.73 (CH2OH), 68 .65 (CH2O), 69.24 (CH2O), 
70.30 (CH2O), 70.42 (CH2O), 70.53 (CH2O), 70.56 (CH2O), 70.58 (CH2O), 70.62 
(CH2O), 70.70 (CH2O), 70.91 (CH 2O), 72.46 (CH 2O), 127.97 (ArCH), 129.80 
(ArCH), 132.81 (ArC), 144.77 (ArC). 
MS EI m/z (70eV) 437 (M+ +H, 2%), 393 (1), 243 (13), 199 (CH3-C6H 4-
SO3CH2CHt, 100), 155 (CH3-C6H4SOt, 50), 91 (CHr C6H/, 62), 89 (67). 
MS CI m/z (70eV) 454 (M++NH4, 100%), 437 (M++H, 20), 318 (13), 301 (9), 199 
. (CH3-C6H4-SO3CH2CH2 +, 9). 
11-Tosyloxy-3,6,9-trioxaundecyl acrylate (195). 
Acryloyl chloride (0.78g, 8.6mmol) 
was added to a stirred solution of l-
hydroxy-11-tosyloxy-3,6,9-trioxa-
undecane 193 (1.50g, 4.3mmol) in 
I 2 
~~~~- ;-
TsO O O O ~ 3 
195 0 
dry dichloromethane (40ml) under nitrogen at -l0°C. Diisopropylethylarnine ( l.00g, 
8.6mmol) was then added dropwise. After the addition was complete, the mixture was 
allowed to warm to room temperature and was stirred for a further 6 h. The solvent was 
removed at reduced pressure, and the residue was purified by column chromatography 
[dichloromethane : acetone (9: 1 )] to afford l l-tosyloxy-3 ,6,9-trioxaundecyl acrylate 195 
(1.60g, 92%) as a pale yellow oil. 
Microanalysis Found: C, 54.02; H, 6.77; S, 8.23%. 
C18H26O8S requires C, 53.72; H, 6.51 ; S, 7.97%. 
IR (NaCl) 'Umax/cm-1 2900 (b), 1726, 1640, 1621, 1603, 1456, 1412, 1360, 1300, 
1276, 1190, 1125, 927, 818,780, 670. 
1H NMR (300 MHz) 8 2.33 (3H, s, CH 3), 3.40 - 3.70 (12H, m, CH2O), 4.04 (2H, 
m, CH2OS), 4.19 (2H, m, CH2OCO), 5.72 ( lH, dd, J 10.4 Hz, 1.5 Hz, H-2), 6.03 
( lH, dd, J 17.5 Hz, 10.4 Hz, H-1 ), 6.30 (lH, dd, J 17.5 Hz, 1.5 Hz, H-3), 7.32 (2H, 
d, J 8.3 Hz, ArH), 7.77 (2H, d, J 8.3 Hz, ArH). 
13C NMR (75 MHz) 8 21.29 (C H3), 63.33 (C H2OCO), 68.26 (CH 2O), 68 .69 
(CH2O), 69.01 (CH2O), 70.16 (CH2O), 70.20 (CH2O), 70.26 (CH2O), 70.32 (CH2O), 
127.59 (ArCH), 127.91 (vinyl CH), 129.54 (ArCH), 130.75 (vinyl CH2), 132.50 
(ArC), 144.55 (ArC) , 165.75 (~0). 
MS EI m/z (70eV) 273 (I%), 243 (1), 199 (25), 155 (CHrC6H4SOt, 25), 99 (CH3-
C6H4 +, 100). 
MS CI mlz (70eV) 420 (M++NH4, 6%), 403 (M++H, 1), 243 (2), 199 (30), 155 (10), 
99 (CH3-C6H4 +, 100). 
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14-Tosyloxy-3,6,9,12-tetraoxatetradecyl acrylate (202). 
Acryloyl chloride (0.46g, /\ /\ /\ /\ /\ )-===2 
5 .1 mmol) was added to a TsO O O O Q o; 3 
stirred solution of I-hydroxy- 202 0 
14-tosyloxy-3,6,9, 12-tetra-
oxatetradecane 200 ( 1.00g, 2.6mmol) in dry dichloromethane (25ml) under nitrogen at 
-10°C. Diisopropylethylamine (0.66g, 5. lmmol) was then added dropwise. After the 
addition was complete, the mixture was worked up as described above for the synthesis 
of 11-tosyloxy-3,6,9-trioxaundecyl acrylate 195 to afford 14-tosyloxy-3 ,6,9,12-
tetraoxatetradecyl acrylate 202 ( 1.. l lg, 98%) as a pale yellow oil. 
Microanalysis Found: C, 53 .89; H, 6.80; S, 7.52%. 
C20H3oO9S requires C, 53 .80; H, 6.77 ; S, 7.18%. 
IR (NaCl) Uma/cm-1 2878, 1723, 1639, 1600, 1454, 1410, 1360, 1300, 1192, 1180, 
923 , 817, 779, 667. 
1H NMR (300 MHz) 8 2.41 (3H, s, CH 3), 3.50 - 3.75 (16H, m, CH2O), 4.12 (2H, 
dd, J 4.6 Hz, 4.6 Hz, CH 2OS), 4.27 (2H, dd , J 4.6 Hz, 4.6 Hz, CH 2OCO), 5.79 
(lH, dd, J 10.4 Hz, 1.5 Hz, H-2), 6.10 (lH , dd, J 17.6 Hz, 10.4 Hz, H-1 ), 6.38 
( lH, dd, J 17.6 Hz, 1.5 Hz, H-3), 7.30 (2H, d, J 8.7 Hz, ArH), 7.76 (2H, d, J 8.7 
Hz, ArH). 
13C NMR (75 MHz) 8 21.54 (CH 3), 63 .58 (CH 2OCO), 68 .54 (CH 2O), 68·.97 
(CH2O), 69.15 (CH2O), 70.39 (CH2O), 70.41 (CH2O), 70.44 (kH2O), 70.48 (CH2O), 
70.51 (CH2O), 70.61 (CH2O), 127.86 (ArCH), 128.14 (vinyl CH), 129.72 (ArCH), 
130.94 (vinyl CH2), 132.70 (ArC), 144.70 (ArC), 166.04 (kO). 
MS EI m/z (70eV) 447 (M++H, 2%), 317 (3), 287 (4), 243 (10), 199 (CHr C6H4-
SO3CH2CHt, 61 ), 155 (CHr C6H4SOt, 32), 99 (CHr C6H/, 100). 
17-Tosyloxy-3,6,9,12,15-pentaoxaheptadecyl acrylate (203). 
I 2 
Aery loy l chloride 
(0.46g, 5. lmmol ) 
was added to a 
stirred solution of l -
/\ /\ /\ /\ /\ /\ ;== 
TuO O O O O O o; 3 
203 0 
hydroxy-17-tosy loxy-3 ,6,9, 12, 15-pentaoxaheptadecane 201 (l.llg, 2.6mmol) in dry 
dichloromethane (25ml) under nitrogen at -10°C. Diisopropy lethylamine (0.66g, 
5. lmmol) was then added dropwise. After the addition was complete, the mixture was 
worked up as described above for the synthesis of l l -tosyloxy-3,6,9-trioxaundecyl 
acrylate 195 to afford 17-tosyloxy-3,6,9,12, 15-pentaoxaheptadecyl acrylate 203 
( 1.36g, 100%) as a pale yellow oil. 
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Microanalysis Found: C, 53.46; H, 7.14; S, 6.86%. 
C22H34O10S requires C, 53 .86; H, 6.99; S, 6.54%. 
IR (NaCl) Uma/cm-1 2871 , 1730, 1639, 1600, 1450, 1410, 1355, 1298, 1192, 1179, 
1130, 925, 667 . 
1H NMR (300 MHz) 8 2.37 (3H, s, CH3), 3.50 - 3.73 (20H, m, CH2O), 4.08 (2H, 
dd, J 4.5 Hz, 4.5 Hz, CH2OS), 4.23 (2H, dd, J 4.5 Hz, 4.5 Hz, CH 2OCO), 5.76 
(lH, dd, J 10.4 Hz, 1.5 Hz, H-2), 6.07 (lH, dd, J 10.4 Hz, 17.5 Hz, H-1 ), 6.35 ( lH, 
dd, J 17.5 Hz, 1.5 Hz, H-3), 7.27 (2H, d, J 8.3 Hz, ArH ), 7.71 (2H, d, J 8.3 Hz, 
ArH). 
13C NMR (75 MHz) 8 21.43 (CH 3), 63.49 (CH 2OCO), 68.43 (CH 2O), 68.86 
(CH2O), 69.09 (CH2O), 69.42 (CH2O), 69.86 (CH2O), 69.91 (kH2O), 70.27 (CH2O), 
70.33 (CH2O), 70.38 (CH2O), 70.49 (CH2O), 70.61 (CH2O), 127.75 (ArCH), 128.06 
(vinyl CH), 129.64 (ArCH), 130.83 (vinyl CH2), 132.72 (ArC), 144.63 (ArC) , 165.93 
(CO). 
MS EI m/z (70eV) 491 (M++H, 1%), 418 (1), 287 (3), 243 (8), 199 (CHr C6H4-
SO3CH2CH2 +, 63), 155 (CH3-C6H4SO2 +, 37), 99 (CH3-C6H4 +, 100). 
11-Iodo-3,6,9-trioxaundecyl acrylate (183). 
I 2 
A mixture of 11-tosyloxy-3 ,6,9-
trioxaundecyl acrylate 1.95 (0.86g, 
2. 1 mmol) and sodium iodide (0.96g, 
6.4mmol) in dry acetone (60ml) was 
/\ r-'\ r-'\ r-'\ ; 
IO O O 0~ 3 
183 0 
stirred under nitrogen at room temperature for 48 h. The solvent was then removed from 
the reaction mixture at reduced pressure, and the residue was partitioned between 
dichloromethane (30ml) and water (30ml). The organic phase was dried and the solvent 
was removed at reduced pressure to yield the crude product as a yellow oil. This was 
then purified by column chromatography [dichloromethane : acetone (9:1)] to afford l l -
iodo-3,6,9-trioxaundecyl acrylate 183 (0.73g, 95%) as a pale yellow oil. 
Microanalysis Found: C, 37.00; H, 5.42; I, 35.44%. 
C 11H 19IO5 requires C, 36.89; H, 5.35; I, 35.43%. 
IR (NaCl) Umax/cm-1 2880, 1728, 1640, 1620, 1411 , 1300, 1274, 1196, 11 21, 980, 
814 . 
1H NMR (300 MHz) 8 3. 18 (2H, t, J 6.9 Hz, CH2I), 3.50 - 3.75 (1 2 H, m, CH2O), 
4.26 (2H, m, CH 2OCO), 5.77 (lH, dd , J 10.4 Hz, 1.5 Hz, H-2), 6.08 (lH, dd, J 
17.5 Hz, 10.4 Hz, H-1), 6.35 (I H, dd, J 17.5 Hz, 1.5 Hz, H-3). 
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13C NMR (75 MHz) 8 2.86 (CH2I), 63.46 (CH2O), 68 .88 (CH2O), 68.89 (CH2O), 
69.96 (CH2O), 70.38 (CH 2O) , 70.51 (CH 2O), 71.69 (CH2O), 128.04 (vinyl CH), 
130.87 (vinyl CH2), 165.89 (CO). 
MS EI m/z (70eV) 231 (M+-I, 1%), 199 (1 ), 198 (1 ), 155 (10), 99 (52) 55 (100). 
MS Cim/z (70eV) 376 (M++NH4, 1%), 359 (M++H, 3), 155 (8), 99 (100). 
HRMS M+-I C 11 H 19O5 requires 231.1232, found 231.1233. 
14-Iodo-3,6,9,12-tetraoxatetradecyl acrylate (204). 
A mixture of 14-tosyloxy- ;---'\ ;---'\ ;---'\ ;---'\ ;---'\ F 2 
3,6,9,12-tetraoxatetradecyl I o o o o o; 3 
acrylate 202 (0.77g, 1.7mmol) 204 0 
and sodium iodide (0.78g, 
5.2mmol) in dry acetone (45ml) was stirred under nitrogen at room temperature for 48 h. 
The mixture was then worked up as described above for the synthesis of 1 l-iodo-3 ,6,9-
trioxaundecyl acrylate 183 to afford 14-iodo-3,6,9,1 2-tetraoxatetradecyl acrylate 204 
(0.66g, 95%) as a pale yellow oil. 
Microanalysis Found: C, 38 .74; H, 5.66; I, 31.53%. 
C 13H23IO6 requires C, 38 .82; H, 5.76; I, 31.55%. 
IR (NaCl) Uma/cm-1 2870, 1725, 1638, 1620, 1455, 1410, 1364, 1300, 1271 , 1195, 
1110, 988, 812. 
1H NMR (300 MHz) 8 3.20 (2H, dd, J 7.0 Hz, 7.0 Hz, CH2I), 3.58 - 3.78 (16H, m, 
CH2O), 4.25 (2H, dd, J 4.9 Hz, 4.9 Hz, CH2OCO), 5.78 (lH, dd, J 10.4 Hz, 1.7 Hz, 
H-2), 6.09 ( lH, dd, J 17.4 Hz, 10.4 Hz, H-1), 6.36 (l H, dd, J 17.4 Hz, 1.7 Hz, H-
3) . 
13C NMR (75 MHz) 8 2.86 (CH 21), 63 .51 (CH 2OCO), 68 .92 (CH 2O), 70.03 
(CH2O), 70.27 (CH2O), 70.49 (CH2O), 70.55 (CH2O), 70.61 (CH2O), 70.74 (CH2O), 
71.76 (CH2O), 128.10 (vinyl CH), 130.85 (vinyl CH2), 165.93 (CO). 
MS EI m/z (70eV) 403 (M++H, 1%), 393 (1), 322 (1), 273 (1), 242 (2), 231 (2), 199 
(9), 198 (9), 155 (75), 99 (100). 
MS CI m/z (70eV) 420 (M++NH4, 38%), 403 (M++H, 8), 155 (9), 142 (12), 99 (100), 
73 (1 2), 55 (14). 
HRMS C 11 H 19O5 requires 23 1.1 232, found 231.1 233. 
C4H8IO requires 198.9620, found 198.9620. 
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17-Iodo-3,6,9,12,15-pentaoxaheptadecyl acrylate (205). 
A mixture of 17- ~ /\ /\ /\ /\ /\ ;==2 
tosyloxy-3,6,9,12,15- I O O O O O O~ 3 
pentaoxaheptadecyl 205 0 
acrylate 203 (0 .79g, 
l.6mrnol) and sodium iodide (0.72g, 4.8mmol) in dry acetone (45ml) was stirred under 
nitrogen at room temperature for 48 h. The mixture was then worked up as described 
above for the synthesis of 1 l -iodo-3 ,6,9-trioxaundecyl acrylate 183 to afford 17-iodo-
3,6,9,12,15-pentaoxaheptadecyl acrylate 205 (0.74g, 100%) as a pale yellow oil. 
Microanalysis Found: C, 40.01 ; H, 6.10; I, 28.58%. 
C15H27IO7 requires C, 40.37; H, 6.10; I, 28.44%. 
IR (NaCl) Uma/cm- 1 2870, 1725, 1639, 1619, 1460, 1410, 1352, 1298, 1272, 1195, 
111 2, 986, 813. 
1H NMR (300 MHz) o 3.17 (2H, dd; J 6.8 Hz, 6.8 Hz, CH2I), 3.54 - 3.69 (20H, m, 
CH2O), 4.22 (2H, dd, J 4.8 Hz, 4.8 Hz, CH2OCO), 5.76 (lH, dd, J 10.2 Hz, 1.6 Hz, 
H-2), 6.06 ( lH, dd, J 17.5 Hz, 10.2 Hz, H-1), 6.34 ( lH, dd, J 17.5 Hz, 1.6 Hz, H-
3). 
13C NMR (75 MHz) o 2.84 (CH 2I), 63.43 (CH 2OCO), 68 .83 (CH 2O), 68 .96 
(CH2O), 69.43 (CH2O), 69.69 (CH2O), 69.94 (CH2O), 70.24 (CH2O), 70.29 (CH2O), 
70.32 (CH2O), 70.38 (CH2O), 71.67 (CH2O), 128.02 (vinyl CH), 130.79 (vinyl CH2), 
165.84 (CO). 
MS EI m/z (70eV) 447 (M++H, 2%), 287 (2), 243 (4), 242 (4), 155 (60), 99 (100). 
MS CI m/z (70eV) 464 (M++NH4, 70%), 447 (M++H, 8), 338 (7), 231 (5), 142 (20), 
99 (100). 
HRMS C 11 H 19O5 requires 231.1 232, found 23 1.1233. 
1-Hydroxy-3,6,9-trioxaundecane (208) and 3,6,9,12-tetraoxatetradecane 
(209). 
Sodium hydride ( 1.10g, 60% dispersion in oil , 
27mmol) was added to a stirred mixture of 
triethylene glycol 165 (4.00g, 27mmol) and 
ethyl iodide (4.20g, 27mmol) in dry 
tetrahydrofuran (50ml) under nitrogen. The 
solution was heated at reflux for 16 h and then 
cooled to room temperature. The solvent was 
~~~/\ 
0 0 0 OH 
208 
~/\/\/\r-
O 0 0 0 
209 
removed from the reaction mixture at reduced pre sure and the residue obtained wa 
purified by column chromatography [dichJoromethane: acetone (9: l )]. The first fraction 
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isolated from the column contained 3,6,9,12-tetraoxatetradecane 209 (1.26g, 23%) as a 
pale yellow oil. 
Microanalysis Found: C, 58.11 ; H, 10.70%. 
C10H22O4 requires C, 58 .23 ; H, 10.75 %. 
IR (NaCl) Umax/cm-1 2930, 2860, 1462, 1381 , 1353, 1300, 1251 , 1221. 
1H NMR (300 MHz) 8 1.18 (6H, t, J 7.1 Hz, OCH2CH 3), 3.50 (4H, q, J 7.1 Hz, 
OCH2CH3), 3.54 - 3.67 (12H, m, CH2O) . 
. 
13C NMR (75 MHz) 8 15.10 (CH3), 66.58 (CH2O), 69.76 (CH2O), 70.54 (CH2O), 
70.60 (CH2O). 
MS EI m/z (70eV) 207 (M++H, 6%), 151 (8), 137 (9), 97 (34), 73 (100), 59 (72). 
The second fraction isolated from the column contained l-hydroxy-3,6,9-trioxaundecane 
208 (1.99g, 42%) as a pale yellow oil. 
Microanalysis Found: C, 53.79; H, 10.41 %. 
C8H 18O4 requires C, 53.91 ; H, 10.18%. 
IR (NaCl) Uma/cm-1 3460 (b), 2879, 1459, 1380, 1355, 1300, 1252, 1120, 945, 890, 
850. 
1H NMR (300 MHz) 8 1.06 (3H, t, J 7.1 Hz, OCH2CH3), 3.19 (lH, bs, OH), 3.37 
(2H, q, J 7.1 Hz, OCH2CH3), 3.40 - 3.59 (12H, m, CH2O). 
13C NMR (75 MHz) 8 14.73 (CH3), 61. 16 (CH2O), 66.24 (CH2O), 69.38 (CH2O), 
69.86 (CH2O), 69.91 (CH2O), 70.20 (CH2O), 72.21 (CH2O). 
MS EI mlz (70e V) 179 (M+ +H, 6% ), 117 (1 5), 103 (30), 89 (72), 73 (91 ), 72 (98), 59 
(100). 
1-Hydroxy-3,6,9,12-tetraoxatetradecane (210) and 3,6,9,12,15-penta-
oxaheptadecane (212). 
Sodium hydride (0 . 15 g, 60 % ~rrrroH 
dispersion in oil , 3.8mmol) was added 
to a stirred mixture of tetraethylene 
glycol 169 (0.50g, 2.6mmol) and ethyl 
iodide (0.60g , 3.8mmol) in dry 
tetrahydrofuran ( 15ml) under nitrogen. 
The solution was heated at reflux for 16 
210 
~j\/\/\/\;-
O 0 0 0 0 
212 
h and worked up as described above for the ynthesi of 1-hydroxy-3 ,6,9-
trioxaundecane 208. The fir t fraction i olated after chromatography contained 
3,6,9, 12, 15-pentaoxaheptadecane 212 (0.19g, 29%) as a pale yellow oil. 
IR (NaCl) Uma/cm-1 2928, 2868, 1460, 1379, 1352, 1300, 1250, 1115, 952, 850. 
Chapter 5 190 
1H NMR (300 MHz) 8 1.19 (6H, t, J 7.1 Hz, OCH2CH 3), 3.50 (4H, q, J 7.1 Hz, 
OCH2CH3) , 3.53 - 3.67 (16H, m, CH20 ). 
13C NMR (75 MHz) 8 15.13 (OCH2CH 3), 66.60 (CH 20 ), 69.79 (CH 20 ), 70.56 
(CH20), 70.59 (CH20 ), 70.63 (CH20 ). 
MS EI m/z (70eV) 251 (M++H, 13%), 117 (41 ), 103 (33), 73 (100), 72 (82), 59 (67). 
The second fraction isolated contained l -hydroxy-3 ,6,9,12-tetraoxatetradecane 210 
(0.39g, 68%) as a pale yellow oil. 
Microanalysis Found: C, 53 .86; H, 10.3 I%. 
C 10H220 5 .requires C, 54.04; H, 9.98%. 
IR (NaCl) 'Uma/cm·1 3450 (b), 2870, 1650, 1456, 1351 , 1300, 1250, 1118, 945, 890, 
850. 
1H NMR (300 MHz) 8 1.17 (3H, t, J 7. I Hz, OCH2CH3), 3.00 ( lH, bs, OH), 3.48 
(2H, q, J 7.1 Hz, OCH2CH3), 3.52 -3 .72 (16H, m, CH20 ). 
13C NMR (75 MHz) 8 15.07 (OCH2CH 3), 61.64 (CH 20 ), 66.62 (CH 20 ), 69.74 
(CH20 ), 70.22 (CH20 ), 70.36 (CH 20 ), 70.46 (CH20 ), 70.49 (~H20 ), 70.56 (CH20 ), 
72.57 (CH20 ). 
MS EI mlz (70eV) 223 (M+ +H, 3%), 179 (2), 163 (4), 147 (4), 133 (17), 117 (26), 
103 (38), 89 (85), 73 (100), 72 (93), 59 (91 ). 
MS CI m/z (70eV) 240 (M++NH 4 , 33%), 223 (M++H, 100), 177 (5), 161 (8), i33 
(15), 117 (24). 
1-Hydroxy-3,6,9,12,15-pentaoxaheptadecane (211) and 3,6 ,9,12,15,18-
hexaoxadodecane (213). 
Sodium hydride (0.13g, 60% ~ /\ /\ /\ /\ /\ 
0 0 0 0 0 OH 
dispersion in oil , 3. lmmol) 
was added to a stirred mixture 
of pentaethylene glycol 196 
(0.50g, 2. lmmol) and ethyl 
iodide (0.49g, 3. lmol) in dry 
tetrahydrofuran (15ml) under 
211 
~f\l\/\l\l\r-
0 0 0 0 0 0 
213 
nitrogen. The resulting solution was heated at reflux for 16 h and then worked up as 
described above for the synthesis of l-hydroxy-3,6,9-trioxaundecane 208. The first 
fraction isolated after chromatography contained 3,6,9,12, 15, 18-hexaoxadodecane 213 
(0.16g, 26%) as a pale yellow oil. 
IR (NaCl) 'Uma/cm· 1 3580 (b), 2978, 2867 , 1650, 1456, 1379, 1352, 1300, 1250, 
1114, 950, 850. 
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1H NMR (300 MHz) o 1.18 (6H, t, J 7.1 Hz, OCH2CH 3), 3.50 (4H, q, J 7.1 Hz, 
OCH2CH3), 3.53 - 3.67 (20H, m, CH20). 
13C NMR (75 MHz) o 15.14 (OCH2CH 3), 66.60 (CH 20), 69.79 (CH 20), 70.41 
(CH 20), 70.55 (CH20), 70.59 (CH20), 70.63 (CH20). 
MS EI mlz (70eV) 295 (M+ +H, 1 %), 221 (1), 191 (1), 177 (3), 175 (2), 117 (47), 103 
(33), 73 (100), 72 (74), 59 (61). 
MS CI mlz (70eV) 312 (M++NH4, 100%), 295 (M++H, 62), 161 (28), 117 (72), 73 
(67), 72 (68). 
The second fraction isolated contained 1-hydroxy-3,6,9,12,15-pentaoxaheptadecane 211 
(0.42g, 74%) as a pale yellow oil. 
IR (NaCl) 'Oma/cm- 1 3440 (b), 2872, 1640, 1457, 1352, 1298, 1250, 1109, 950. 
1H NMR (300 MHz) o 1.19 (3H, t, J 7.1 Hz, OCH2CH3) , 2.89 (lH, bs, OH), 3.51 
(2H, q, J 7.1 Hz, OCH2CH 3) , 3.56 - 3.75 (20H, m, CH20 ). 
13C NMR (75 MHz) o 15.07 (OCH2CH 3), 61.29 (CH 20), 66.62 (CH 20), 69.52 
(CH20), 69 .88 (CH20), 70.16 (CH20), 70.21 (CH20), 70.28 (!:H20), 70.31 (CH20), 
70.35 (CH20), 70.39 (CH20), 72.23 (CH20). 
MS EI m/z (70e V) 267 (M+ +H, 2% ), 223 (2), 207 (2), 14 7 ( 4 ), 133 (26), 103 (35), 89 
(88), 73 (100), 72 (84), 59 (82). 
MS CI m/z (70eV) 284 (M++NH4, 51 %), 267 (M++H, 100), 223 (5), 161 (5), 133 
(11), 117 (12). 
3,6,9-Trioxaundecyl acrylate (214). 
A stirred solution of 1-hydroxy-3,6,9-
trioxaundecane 208 (0.40g, 2.2mmol) and 
acryloyl chloride (0.40g, 4.4mmol) in dry 
dichloromethane (15ml) under nitrogen 
214 
was cooled to -l0°C. Diisopropylethylamine (0.50g, 3.8mmol) was added to the mixture 
dropwise, and the mixture wa stirred at room temperature for 16 h. The solvent was 
removed from the reaction mixture at reduced pressure, and the residue obtained was 
purified by column chromatography [hexane : dichloromethane (1: l)] to afford 3,6,9-
trioxaundecyl acrylate 214 (0.56g, 100%) as a pale yellow oil. 
Microanalysis Found: C, 56.66; H, 9.02%. 
C 11 H200 5 requires C, 56.88 ; H, 8.68 %. 
IR (NaCl) Uma/cm-1 2975, 2868, 1726, 1638, 1620, 1454, 1407, 1350, 1297, 1271, 
1194, 1115, 1068, 986. 
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1H NMR (300 MHz) o 1.02 (3H, t, J 7.0 Hz, OCH2CH 3) , 3.33 (2H, q, J 7.0 Hz, 
OCH 2CH3), 3.37 - 3.60 (l0H, m, CH2O), 4.13 (2H, t, J 4.8 Hz, CH 2OCO), 5.66 
(lH, dd, J 10.4 Hz, 1.5 Hz, H-2), 5.97 (lH, dd, J 17.3 Hz, 10.4 Hz, H-1), 6.24 (lH, 
dd, J 17.3 Hz, 1.5 Hz, H-3). 
13C NMR (75 MHz) o 14.73 (CH3), 63.23 (CH2O), 66.12 (CH2O), 68.62 (CH2O), 
69.38 (CH2O), 70.17 (CH2O), 70.20 (CH2O), 70.25 (CH2O), 127.88 (vinyl CH), 
130.48 (vinyl CH2), 165.57 (CO). 
MS EI m/z (70e V) 177 (3% ), 133 (8), 117 (6), 99 ( 100), 72 (55), 55 (75). 
MS CI m/z (70eV) 250 (M++NH4, 51 %), 233 (M++H, 40), 99 (100). 
3,6,9,12-Tetraoxatetradecyl acrylate (215). 
A stirred solution of l-hydroxy-
3,6,9, l 2-tetraoxatetradecane 210 
(46mg, 0.2lmmol) and acryloyl 
chloride (40mg, 0.44mmol) in dry 
215 
dichloromethane (10ml) under nitrogen was cooled to -l0°C. Diisopropylethylamine 
(57mg, 0.44mmol) was added to the mixture dropwise, and the solution was treated as 
described above in the synthesis of 3,6,9-trioxaundecyl acrylate 214 to afford 3,6,9,12-
tetraoxatetradecyl acrylate 215 (47mg, 82%) as a pale yellow oil. 
Microanalysis Found: C, 56.16; H, 9.10%. 
C 13H24O6 requires C, 56.51 ; H, 8.75%. 
IR (NaCl) Uma/cm-1 3600 (b), 2870, 1728, 1638, 1620, 1456, 1410, 1352, 1300, 
1274, 1196, 1113, 1070, 989, 854, 812. 
1H NMR (300 MHz) o 1.19 (3H, t, J 7.1 Hz, OCH2CH 3), 3.50 (2H, q, J 7.1 Hz, 
OCH2CH3) , 3.54 - 3.76 (14H, m, CH2O), 4.27 - 4.32 (2H, m, CH2OCO), 5.81 (lH, 
dd, J 10.4 Hz, 1.5 Hz, H-2), 6.13 (lH, dd, J 17.3 H, 10.4 Hz, H-1 ), 6.41 (lH, dd, J 
17.3 Hz, 1.5 Hz, H-3) . 
13C NMR (75 MHz) o 15.12 (OCH2CH 3), 63 .67 (CH2O), 66.60 (CH 2O), 69.08 
(CH2O), 69.78 (CH2O), 69.82 (CH2O), 69.91 (CH2O), 70.32 (C.H2O), 70.60 (CH2O), 
70.64 (CH2O), 128.25 (C.H vinyl), 130.97 (C,H2 vinyl), 166.28 (C.O). 
MS EI m/z (70eV) 277 (M++H, 1%), 217 (2), 186 (2), 177 (2), 158 (3), 143 (4), 99 
(100), 73 (50), 72 (43), 55 (65). 
MS CI m/z (70eV) 294 (M++NH4, 50%), 277 (M++H, 35), 117 (17), 99 (100). 
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3,6,9,12,15-Pentaoxaheptadecyl acrylate (216). 
A stirred solution of l-
hydroxy-3,6,9, 12, 15-
pentaoxaheptadecane 211 
(0.42g, 1.6mmol) and 216 
193 
acryloyl chloride (0.28g, 3.2mmol) in dry dichloromethane (15ml) under nitrogen was 
cooled to -l0°C. Diisopropylethylamine (0.41g, 3.2mmol) was added to the mixture 
dropwise, and the resultant solution was treated as described above in the synthesis of 
3,6,9-trioxaundecyl acrylate 214 to afford 3,6,9,12,15-pentaoxaheptadecyl acrylate 216 
(0.45g, 89%) as a pale yellow oil. 
Microanalysis Found: C, 55.95; H, 9.09%. 
C15H28O7 requires C, 56.23; H, 8.81 %. 
IR (NaCl) 'Umaxfcm- 1 2870, 1728, 1638, 1620, 1456, 1410, 1352, 1300, 1273, 1196, 
1113, 988,950,864, 813 . 
lH NMR (300 MHz) o 1.16 (3H, t, J 7.0 Hz, OCH2CH 3), 3.47 (2H, q, J 7.0 Hz, 
OCH2CH3), 3.50 - 3.73 (18H, m, CH2O), 4.24 - 4.29 (2H, m, CH2OCO), 5.79 (lH, 
dd, J 10.4 Hz, 1.5 Hz, H-2) , 6.10 ( lH, dd, J 17.3 Hz, 10.4 Hz, H-1 ), 6.38 (lH, dd, 
J 17.3 Hz, 1.5 Hz, H-3). 
13C NMR (75 MHz) o 15.04 (OCH2CH 3), 63.58 (CH 2O), 66.50 (CH 2O), 68.99 
(CH2O), 69.70 (CH2O), 69.89 (CH2O), 69.93 (CH2O), 69.99 (CH2O), 70.21 (CH2O), 
70.36 (CH2O), 70.47 (CH2O), 70.49 (~H2O), 128.17 (CH vinyl), 130.87 (CH2 vinyl), 
165.89 (CO). 
MS EI m/z (70eV) 321 (M++H, 1%), 231 (1), 186 (2), 158 (2), 143 (5), 117 (21), 99 
(100), 73 (47), 72 (40), 55 (52). 
MS CI m/z (70eV) 338 (M+ +NH4, 64%), 321 (M+ +H, 17), 161 (12), 117 (19), 99 
(100). 
Cyclization of Radical Precursors 11-iodo-3,6,9-trioxaundecyl acrylate 
(183), 14-iodo-3,6,9,12-tetraoxatetradecyl acrylate (204) and 17-iodo-
3,6,9,12,15-pentaoxaheptadecyl acrylate (205) (see Table 3 Section 3.9 
and Table 4 Section 3.10). 
General Procedure for Reaction Type A. 
A solution of AIBN (5mg) in dry degassed benzene (1ml) wa added to a dry degassed 
solution of 11-iodo-3,6,9-trioxaundecyl acrylate 183 (0.20, 0.56mmol), tributyltin 
hydride (0.15g, 0.6lmmol) and hexadecane (0. 13g, 0.56mmol) in benzene (60ml) at 
reflux under nitrogen. The mixture was kept at reflux for 2 h, cooled to room 
temperature, analysed by GC and then worked up as described below. 
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General Procedure for Reaction Type B. 
A solution of tributyltin hydride (0.17g, 0.59mmol) in dry degassed benzene (60ml) was 
heated to reflux under nitrogen. A solution of AIBN (5mg), 11-iodo-3,6,9-trioxaundecyl 
acrylate 183 (0.19g, 0.53mrnol) and hexadecane (0.12g, 0.53mmol) in dry degassed 
benzene (10ml) was then added by syringe pump (at a rate of approximately 10ml in 3 h). 
The mixture was kept at reflux for 2 h after complete addition of the iodide solution, 
cooled to room temperature, analysed by GC and then worked up as described below. 
General Procedure for Reaction Type C. 
A solution of 1 l-iodo-3,6,9-trioxaundecyl acrylate 183 (0.20g, 0.56mmol), tributyltin 
chloride ( 1.8mg, 0.0056mmol), sodium cyanoborohydride ( 40mg, 0.63mmol), 
hexadecane (0.13g, 0.56mrnol) and AIBN (5mg) in dry degassed t-butanol (11ml) was 
heated to reflux. A solution of AIBN (5mg) in dry degassed t-butanol (1ml) was added at 
every hour for 6 h, after which the mixture was kept at reflux for a further 2 h, cooled to 
room temperature, analysed by GC and then worked up as described below. 
General Procedure for Reaction Type D. 
As described above for reaction types A and C, with the addition of sodium tosylate ( 4 
equivalents with respect to iodide) also present in the iodide solution. In addition, the 
iodide solution (containing sodium tosylate) was kept at reflux for 30 min prior to the 
addition of AIBN. 
General Procedure for Template Cyclization Reactions. 
A solution of 14-iodo-3,6,9,12-tetraoxatetradecyl acrylate 204 (0.10g, 0.26mrnol), 
tributyltin hydride (83mg, 0.29mmol), hexadecane (59mg, 0.26mmol) and sodium 
tosylate (0.22g, 1.0mmol) in dry degas ed benzene (29ml) was heated to reflux and kept 
at that temperature for 30 min. A solution of AIBN (5mg) in dry degassed benzene (1ml) 
was added, and the solution was kept at reflux for a further 2 h, cooled to room 
temperature, analysed by GC and then worked up as described below. 
Simple Workup. 
The solvent was removed from the crude reaction mixture at reduced pressure to yield the 
crude product as a yellow oil. This wa then purified by column chromatography 
[dichloromethane: acetone (9: I)] to yield the macrocyclic product as a pale yellow oil. 
DBU Workup.243 
The crude reaction mixture wa dis olved in diethyl ether (20ml). DBU (1.5 equivalents 
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for every 1 equivalent tributyltin hydride used in the reaction) was added to this solution, 
followed by an iodine solution (0. lM in diethyl ether), added dropwise until the brown 
iodine colour just persisted. The mixture was transferred to a short column (2cm bed) of 
silica gel, and elution was carried out with diethyl ether (150ml). The solvent was then 
removed from the eluate at reduced pressure to afford the crude mixture. 
Pentane I Acetonitrile Workup.375 
The crude reaction mixture was dissolved in acetonitrile (20ml) and was washed with 
pentane (5x20ml). The solvent was then removed at reduced pressure to yield the crude 
oil. 
Potassium Fluoride Workup.376 
The crude reaction mixture was dissolved in diethyl ether (30ml). A solution of 
potassium fluoride (10% aqueous solution, 50ml) was added and the mixture was stirred 
vigorously for 1 h. The precipitated tributyltin fluoride was then removed by filtration, 
and the ether phase was separated, dried and the solvent was removed at reduced 
pressure to yield the crude reaction mixture. 
11-oxo-1,4, 7, 10-tetraoxacyclopentadecane ( 184 ). 
Microanalysis Found: C, 56.55 ; H, 9.05%. -
C 11 H20O5 requires C, 56.88 ; H, 8.68%. 
IR (NaCl) Uma/cm· 1 2925, 2875, 1738, 1455, 1355, 1252, 1139, 
944, 861. 
1H NMR (300 MHz) 8 1.64 (2H, p, J 6.7 Hz, CCH 2C), 1.75 
(2H, p, J 6.2 Hz, CCH 2C) , 2.36 (2H , dd , J 7.1 Hz, 6.2 Hz, 
CCH 2CO), 3.46 - 3.72 (12H, m, CH 2O), 4.20 - 4.25 (2H, m, 
CH2OCO). 
184 
13C NMR (75 MHz) 8 22.05 (CCH 2C), 28.42 (CCH 2C), 33 .88 (CCH 2C), 63 .04 
(CH2O), 68 .81 (CH2O), 69.88 (~H2O), 70.2 1 (CH2O), 70.51 (CH2O), 70.67 (CHzO), 
71 .04 (CH2O), 173.69 (~O). 
MS EI m/z (70eV) 232 (M+, 11 %), 189 (M+-COCH 3, 10), 145 (41 ), 113 (68), 101 
(100), 99 (90), 56 (95). 
HRMS M+ C 11 H20O5 requires 232.1311 , found 232. 1311. 
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14-oxo-1,4, 7, 10, 13-pen taoxacyclooctadecane (206). 
IR (NaCl) 'Umaxfcm- 1 2919, 2870, 1731 , 1456, 1355, 1250, 
1128, 995,948,861,735. 
1H NMR (300 MHz) 8 1.53 - 1.65 (2H, m, CCH 2C), 1.71 -
1.84 (2H, m, CCH 2C), 2.35 - 2.41 (2H, m, CCH 2C), 3.42 -
3.70 (16H, m, CH2O), 4.10 - 4.23 (2H, m, CH2O) . 
13C NMR (75 MHz) 8 22.50 (CCH2C), 28.70 (CCH 2C), 
34.40 (CCH 2C), 63.19 (CH 2O), 68.79 (CH 2O), 70.00 
(CH 2O), 70.22 (CH2O), 70.39 (CH2O), 70.46 (CH2O), 70.59 
(CH2O), 70.63 (CH2O), 70.75 (CH2O), 173.71 (CO). 
196 
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MS EI m/z (70eV) 277 (M+ +H, 6%), 276 (M+, 7), 226 (7), 189 (15), 145 (43), 127 
(41), 114 (32), 101 (100), 99 (69), 89 (61), 73 (57), 71 (61), 57 (74), 55 (92). 
HRMS M+ C 13H24O6 requires 276.1573, found 276.1573. 
17-oxo-1,4, 7,10,13,16-hexaoxacycloheneicosane (207). 
IR (NaCl) 'Umaxfcm- 1 2868, 1732, 1457, 1355, 1300, O 
1250, 1120, 994,948,860. h _ 
1H NMR (300 MHz) 8 1.52 - 1.65 (2H, m, CCH 2C), ( 0 ..._--) 
1.65 - 1.78 (2H, m, CCH 2C), 2.31 - 2.40 (2H, m, o o 
CCH2C), 3.43 - 3.71 (20H,_ m, CH2O), 4.17 - 4.22 (2H, (_ ) 
m, CH20) . o o 
13C NMR (75 MHz) 8 22.19 (CCH2C), 28.86 (CCH2C), voJ 
34.20 (CCH 2C), 63.54 (CH 2O), 69.01 (CH 2O), 70.29 
(CH 2O), 70.46 (CH2O), 70.60 (CH2O), 70.64 (CH2O), 207 
70.78 (CH2O), 70.80 (CH2O), 70.82 (CH2O), 70.86 (CH2O), 71.02 (CH2O), 173.60 
(CO). 
MS EI m/z (70eV) 321 (M++H, 2%), 320 (M+, 2), 261 (2), 247 (2), 233 (2), 145 (27), 
127 (21), 126 (21), 101 (65), 99 (60), 89 (47), 73 (54), 55 (100). 
HRMS M+ C 15H26O7 requires 320.1835, found 320.1834. 
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5. 4 CHAPTER 4 EXPERIMENT AL 
Ethyl, (11-tosyloxy-3,6,9-trioxaundecyl) fumarate (218). 
Diisopropylethylamine (0.37g, C02Et 
~~:7,:n:•,: aad::::::ri:~ T,r\5\ f\J\ 0-{ 
hydroxy-l 1-tosyloxy-3,6,9- 218 O 
trioxaundecane 193 (0.40g, 
l.2mmol) and fumaryl chloride monoethyl ester 217 (0.72g, 4.4mmol) in dry 
dichloromethane (10ml) under nitrogen at - l0°C. The mixture was allowed to warm to 
room temperature and was stirred for a further 6 h. The solvent was removed from the 
reaction mixture at reduced pressure to yield the crude product as a yellow oil. This was 
then purified by column chromatography [ dichloromethane : acetone (9: 1)] to yield ethyl, 
(1 l-tosyloxy-3,6,9-trioxaundecyl) fumarate 218 (0.54g, 100%) as a pale yellow oil. 
Microanalysis Found: C, 52.96; H, 6.73; S, 6.68%. 
C21 H30O10S requires C, 53.13 ; H, 6.37; S, 6.76%. 
IR (NaCl) 'Uma/cm-1 2920, 1760, 1602, 1454, 1360, 1301 , 1263, 1180, 1130, 1025, 
820, 780, 668. 
1H NMR (300 MHz) o 1.23 (3H, t, J 7.1 Hz, OCH2CH3), 2.36 (3H, s, CH3), 3.45 -
3.75 (14H, m, CH2O), 4.07 (2H, m, CH2OS), 4.17 (2H, q, J 7.1 Hz, OCH 2CH3), 
4.27 (2H, m, CH2OCO), 6.79 (2H, s, vinyl CH), 7.27 (2H, d, J 8.4 Hz, ArH), 7.71 -
(2H, d, J 8.4 Hz, ArH). 
13C NMR (75 MHz) o 13 .82 (CO2CH 2CH 3), 21.39 (CH3), 61.11 (CH2O), 64.15 
(CH2O), 68.34 (CH2O), 68.56 (CH2O), 69.03 (CH2O), 70.19 (CH2O), 70.2 1 (CH2O), 
70.27 (CH2O), 70.39 (CH2O), 127.67 (vinyl CH), 129.58 (vinyl CH), 132.60 (ArC), 
132.97 (ArCH), 133.72 (ArCH), 144.58 (Ar.C), 161.63 (.CO). 
MS EI m/z (70eV) 127 (81 %), 89 (68), 49 (100). 
MS CI mlz (70eV) 492 (M++NH4, 38%), 391 (18), 356 (49), 278 (43), 250 (54), 234 
(100). 
Ethyl, (ll-iodo-3,6,9-trioxaundecyl) fumarate (219). 
A mixture of ethyl, (11 -tosyloxy- -{C02Et 
3,6,9-trioxaundecyl) fumarate ;--\ ;--\ ;--\ ;\ 
I O O O 0 218 (0.54g, l .2mmol) and 
0 
sodium iodide (0.78g, 5.2mmol) 219 
in dry acetone (60ml) was stirred 
under nitrogen at room temperature for 48 h. The solvent was then removed from the 
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reaction mixture at reduced pressure and the residue was partitioned between 
dichloromethane (20ml) and water (20ml). The organic phase was dried and the solvent 
was removed at reduced pressure to yield the crude product as an orange oil. This was 
purified by column chromatography [hexane : dichloromethane ( 1: 1)] to afford ethy 1, 
( 11-iodo-3,6,9-trioxaundecyl) fumarate 219 (0.49g, 90%) as a pale orange oil. 
Microanalysis Found: C, 39.15; H, 5.22; I, 29.43%. 
C 14H23IO7 requires C, 39.08; H, 5.39; I, 29.49%. 
IR (NaCl) Uma/cm-1 2876, 1723, 1650, 1462, 1372, 1304, 1265, 1140, 1041 , 973 . 
1H NMR (300 MHz) 8 1.30 (3H, t, J 7.1 Hz, OCH2CH3), 3.24 (2H, t, J 7.1 Hz, 
CH2I), 3.60 - 3.80 (12H, m, CH2O), 4.24 (2H, q, J 7.1 Hz, OCH2CH3), 4.34 (2H, 
m, CH2OS), 6.86 (2H, s, vinyl CH). 
13C NMR (75 MHz) 8 2.90 (CH 2I), 14.09 (CH 3), 61.35 (CH 2O), 64.39 (CH 2O), 
68.66 (CH2O), 70.17 (CH2O), 70.23 (CH2O), 70.62 (CH2O), 70.69 (CH2O), 71.91 
(CH2O), 133.20 (vinyl CH), 134.01 (vinyl CH), 164.91 (CO). 
MS EI m/z (70eV) 431 (M++H, 1 %), 303 (M+-I, 3), 297 (1), 259 (1), 199 (2), 185 (2), 
171 (100), 155 (2 1). 
MS CI m/z (70eV) 448 (M++NH4, 47%), 431 (M++H, 6), 356 (2 1), 228 (29), 2 14 
(100), 192 (11 ), 171 (38). 
HRMS M+-I C14H23O7 requires 303.1444, found 303.1443. 
Ethyl, (3,6,9-trioxaundecyl) fumarate (220). 
A stirred mixture of I -hydroxy- -rC02Et 
3,6,9-trioxaundecane 208 (0.40g, ~ ~ ;\ ;\ 
. 0 0 0 0 
2.2mmol) and fumaryl chlonde 
monoethyl ester 217 (0. 72g, 220 0 
4.4mmol) in dry dichloromethane (1 0ml) under nitrogen was cooled to -10°C. 
Diisopropylethylamine (0.50g, 3.8mmol) was added to the mixture dropwise and the 
mixture was stirred at room temperature for 16 h. The olvent was removed from the 
reaction mixture at reduced pressure, and the residue thus obtained was purified by 
column chromatography [dichloromethane : acetone (9: 1 )] to afford ethyl , (3,6,9-
trioxaundecyl) fumarate 220 (0.54g, 79%) as a pale yellow oil. 
Microanalysis Found: C, 55.44; H, 8.01 %. 
C14H24O7 requires C, 55.25; H, 7.95 %. 
IR (NaCl) Uma/cm-1 2988, 2875, 1728, 1650, 1451 , 1372, 1354, 1302, 1264, 1230, 
1160, 11 20, 1040, 984, 863, 780. 
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1H NMR (300 MHz) 8 1.19 (3H, t, J 7.1 Hz, OCH2CH 3), 1.29 (3H, t, J 7.1 Hz, 
OCH 2CH 3), 3.50 (2H, q, J 7.1 Hz, CH2OCH 2CH 3), 3.54 - 3.77 (lOH, m, CH 2O), 
4.23 (2H, q, J 7.1 Hz, CO2CH 2CH 3), 4.33 (2H, m, CH 2OCO), 6.85 (2H, s, vinyl 
CH) . 
13C NMR (75 MHz) 8 13.95 (CH 3), 14.93 (CH3), 61.23 (CH 2O), 61.30 (CH 2O), 
64.28 (CH2O), 66.54 (CH2O), 68.73 (CH 2O), 69.60 (CH 2O), 70.40 (CH2O), 70.50 
(CH2O), 133.12 (vinyl CH), 133.89 (vinyl CH), 164.77 (CO), 164.82 (CO). 
'MS Elm/z (70eV) 305 (M++H, 1%), 198 (2), 185 (3), 171 (69), 127 (37), 99 (100). 
MS CI m/z (70eV) 322 (M++NH4, 100%), 305 (M++H, 18), 244 (33), 214 (57), 171 
(23). 
Cyclization of Radical Precursor Ethyl , (11-iodo-3,6,9-trioxaundecyl) 
fumarate (219) (see Table 8, Section 4.2). 
General Procedures for Reaction Type A, C and D were used as described 
above in Section 5.3 for the cyclization of radical precursor l l-iodo-3 ,6,9-
trioxaundecyl acrylate 183. 
11-Oxo-13-ethoxycarbonyl-1,4, 7,10-tetraoxacyclopentadecane (221) and 
11-oxo-12-ethoxycarbony lmethyl-1,4, 7, 10-tetraoxacyclotetradecane 
(222). 
0 
(0 
0 0 
~o~ 
221 222 
Microanalysis Found: C, 55.43; H, 8.3 1 %. 
C 14H24O7 requires C, 55 .25; H, 7.95%. 
IR (NaCl) Umax/cm-1 2870, 1736, 1452, 1376, 1355, 1305, 1257, 1170, 1138, 1036, 
940, 860. 
1H NMR (300 MHz) 8 1.14 - 1.27 (6H, m, OCH2CH 3), 1.75 - 2. 10 (4H, m, 
CCH2C), 2.30 - 2.44 ( lH, m), 2.6 1 - 2.81 (3H, m), 2.93 - 3. 12 (2H, m), 3.48 - 3.75 
(24H, m, CH2O), 3.95 - 4.19 (6H, m, CH2O), 4.31 - 4.42 (I H, m, CH2O), 4.50 - 4.62 
(lH, m, CH2O). 
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13C NMR (75 MHz) 8 14.07 (OCH2CH3), 14.09 (OCH2CH3), 30.57 (CH2C), 32.55 
(CH 2C), 35.49 (CH 2C), 36.80 (CH 2C), 38.51 (CHCO), 38.69 (CHCO), 60.60 
(CH2O), 60.83 (CH2O), 63.18 (CH2O), 63.29 (CH2O), 68.34 (CH2O), 68.52 (CH2O), 
68.71 (CH2O), 68.76 (CH2O), 68.85 (CH2O), 69.36 (CH2O), 69.59 (CH2O), 69.79 
(CH2O), 70.09 (CH2O), 70.39 (CH20 ), 70.85 (CH2O), 71.58 (CH2O), 171.60 (CO), 
171.90 (CO), 174.57 (CO), 176.96 (CO). 
MS EI mlz (70eV) 305 (M++H, 37%), 261 (21), 259 (M+-OCH2CH3, 17), 217 (20), 
186 (25), 173 (64), 171 (75), 127 (100), 99 (74), 55 (92). 
HRMS M+ C 14H24O7 requires 304.1522, found 304.1537. 
Mono t-butyl maleate (228). 
Ethyl bromide (11.12g, 0.lOmol) was added to a mixture 
of fresh magnesium turnings (previously activated by 
exposure to iodine vapour) (2.50g, 0. l0mol) in anhydrous 
diethyl ether (150ml) under nitrogen with stirring, at such a 
0 
H02c~o-f 
228 
rate as to keep the reaction mixture at gentle reflux. The suspension was kept at reflux 
for a further 15 min after the addition was complete. A solution of dry t-butanol (7.56g, 
0.l0mol) in dry diethyl ether (50ml) was then added dropwise. Dry THF (100ml) was 
added to the reaction mixture, and then a solution of maleic anhydride 227 (10g, 
0. lOmol) in dry THF (75ml) was added dropwise. The yellow solution was heated to 
reflux for 1 h after the addition was complete, and then cooled to room temperature and 
poured into ice (500g) acidified with hydrochloric acid (125ml, 2M). This slurry was 
then extracted with ether (3x75ml), the extract was dried and the solvent was removed at 
reduced pressure to afford mono t-butyl maleate 228 (16. 71 g, 95%) as a pale yellow oil. 
IR (NaCl) Uma/cm-1 3500 (b), 3100 (b), 2979, 2935, 2580 (b), 1724, 1632, 1456, 
1430, 1395, 1370, 1258, 1152, 1040, 977 . 
1H NMR (300 MHz) 8 1.69 (9H, s, C(CH3))), 6.47 (2H, s, vinyl CH), 12.10 (lH, 
bs, CO2H) . 
13C NMR (75 MHz) 8 27.60 (C(CH 3) 3), 84.52 (C(CH 3))), 131.93 (vinyl CH) , 
132.87 (vinyl CH), 166.26 (~O), 166.37 (~O). 
MS EI mlz (70eV) 173 (M+ +H, 4%), 117 (41), 99 (M+-OC(CH 3)), 34), 59 (66), 
57(C(CH3)t, 100). 
Attempted synthesis of I-butyl, (11 -tosyloxy-3,6,9-trioxaundecyl) maleate 
(232). 
Mixed anhydride method.38 1 
Methanesulfonyl chloride (66mg, 0.57mmol) was added to a stirred solution of mono t -
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butyl maleate 228 (98mg, 0.57mmol) in dry pyridine (10ml) under nitrogen at -l0°C. 
After the reaction mixture had been stirred for 10 min, l-hydroxy-l 1-tosyloxy-3,6,9-
trioxaundecane 193 (0.20g, 0.57mmol) was added, and the mixture was stirred at - l0°C 
for a further 1 h. The mixture was then poured into ice (100g) acidified with sulfuric acid 
(98% by weight, 5ml). The resultant slurry was extracted with dichloromethane 
(3xl0ml), the extract was dried, and the solvent was removed at reduced pressure to give 
a colourless oil (0.27g). This was a mixture of t-butyl , (l l-tosyloxy-3,6,9-
trioxaundecyl) maleate 232 (characterized overleaf) and 1-mesyloxy-l l-tosyloxy-3,6,9-
trioxaundecane 233 (characterized below). 
Microanalysis Found: C, 44.85 ; H, 5.89; S, 15.27%. 
C 16H26O9S2 requires C, 45.06; H, 6.14; S, 15.03%. 
IR (NaCl) Uma/cm- 1 2875 , 1599, 1455, 1353, 1190, 1176, 1120, 1015, 974, 920, 
818 . 
1H NMR (300 MHz) 8 2.34 (3H, s, ArCH 3), 2.95 (3H, s, SO2CH 3), 3.45 - 3.70 
(12H, m, CH2O), 4.01 - 4.07 (2H, m, CH2OS), 4.24 - 4.29 (2H, m, CH2OS), 7.23 
(2H, d, J 7.7 Hz, ArH), 7.69 (2H, d, J 7.7 Hz, ArH). 
13C NMR (75 MHz) 8 21.63 (ArCH3), 37.63 (SO2CH3), 68 .68 (CH2O), 68.99 
(CH2O), 69.23 (CH2O), 69.27 (CH2O), 70.46 (CH2O), 70.54 (CH2O), 70.59 (CH2O), 
70.76 (CH2O), 127.95 (ArCH), 129.84 (Ar~H), 132.88 (ArC), 141.12 (ArC). 
MS EI m/z (70eV) 229 (2%), 199 (12), 167 (11), 155 (53), 123 (63), 79 (100). 
MS CI m/z (70eV) 444 (M++NH4, 63%), 427 (M++H, 7), 368 (63), 310 (51), 308 
(100), 291 (53), 123 (70). 
DCC coupling method.382 
Dicyclohexylcarbodiimide (DCC) (0.12g, 0.60mmol) was added to a stirred solution of 
mono t-butyl maleate 228 (99mg, 0.57mol) and 1-hydroxy-1 l-tosyloxy-3 ,6,9-
trioxaundecane 193 (0.20g 0.57mmol) in dry diethyl ether (50ml) under nitrogen, and 
the solution was stirred at room temperature for 6 h. The reaction mixture was then 
filtered and the solvent was removed at reduced pressure to give a pale pink oil (0.38g), 
which was a complex mixture of products by TLC and 1H NMR spectroscopy. 
t-Butyl, (11-tosyloxy-3,6,9-trioxaundecyl) maleate (232). Tsrrrro J\ O_L 
oxy-3,6,9-trioxaundec- ~ /T \ 
ane 193 (l.00g, 2.9 232 O O 
1-Hydroxy-11-tosyl-
mmol) and DMAP (30mg) were added to a stirred solution of mono t-butyl maleate 228 
(0.65g, 3.8mmol) in anhydrou dichloromethane (25ml) at 0°C under nitrogen. DCC 
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(0.78g, 3.8mmol) was then added, and the mixture was stirred for 5 min at 0°C, warmed 
to 20°C and stirred for a further 3 h. It was then filtered, the filtrate was washed with 
aqueous sodium bicarbonate (saturated solution, 25ml), dried, and the solvent was 
removed at reduced pressure to give the crude product as an orange oil. The oil was then 
purified by column chromatography [dichloromethane: acetone (9: 1)] to afford t-butyl, 
(l l-tosyloxy-3,6,9-trioxaundecyl) maleate 232 (0.94g, 65%) as a pale yellow oil. 
Microanalysis Found: C, 54.74; H, 7.16; S, 6.32%. 
C23H34O10S requires C, 54.97 ; H, 6.82; S, 6.38%. 
IR (NaCl) Umaxfcm- 1 2978, 2929, 2869, 2118 , 1724, 1640, 1598, 1453, 1396, 1357, 
1295, 1255, 1210, 1190, 1178, 1150, 1020, 924, 817, 665 . 
1H NMR (300 MHz) 8 1.44 (9H, s, C(CH 3h), 2.39 (3H, s, CH 3), 3.51 - 3.70 (12H, 
m, CH2O), 4.07 - 4.12 (2H, m, CH2OS), 4.24 - 4.30 (2H, m, CH2OCO), 6.11 (2H, s, 
vinyl CH), 7.29 (2H, d J 8.1 Hz, ArH) , 7.73 (2H, d J 8.1 Hz, ArH). 
13C NMR (75 MHz) 8 21.46 (CH 3), 27.79 (C(CH 3h), 63.92 (CH2O), 68.47 (CH2O), 
68.67 (CH2O), 69.11 (CH2O), 70 34 (CH 2O), 70.38 (CH 2O), 70.42 (CH2O), 70.54 
(CH 2O), 82.01 (C (CH3)]), 127.78 (vinyl CH), 127.81 (ArCH), 129.68 (ArCH), 
131.70 (vinyl CH), 132.77 (ArC), 144.66 (Ar{:), 164.16 (CO), 165.07 (CO). 
MS EI m/z (70e V) 243 (3% ), 224 (32), 199 (28), 143 (61 ), 99 (36), 57 ( 100). 
MS CI m/z (70eV) 520 (M++NH4, 1 %), 449 (2), 394 (3), 225 (100), 99 (6). 
t-Butyl, (14-tosyloxy-3,6,9,12-tetraoxatetradecyl) maleate (234). 
I\ I\ I\/\ I\ I\ _L 
TsO O O O O 07' ijO\ 
0 0 
234 
l-Hydroxy-14-tosyloxy-3,6,9,12-tetraoxatetradecane 200 (0.60g, l.5mmol) and DMAP 
(20mg) were added to a stirred solution of mono t-butyl maleate 228 (0.34g, 2.0mmol) 
in anhydrous dichloromethane (15ml) at 0°C under nitrogen. DCC (0.41g, 2.0mmol) 
was then added and the mixture was treated and worked up as described for the synthesis 
oft-butyl, (l l -tosyloxy-3,6,9-trioxaundecyl) maleate 232 to yield t-butyl, (14-tosyloxy-
3,6,9,12-tetraoxatetradecyl) maleate 234 (0.44g, 52%) as a pale yellow oil. 
Microanalysis Found: C, 54.66; H, 7.28 ; S, 5.97%. 
C25H38O11S requires C, 54.93; H, 7.01 ; S, 5.87%. 
IR (NaCl) Umax/cm-1 2900, 1726, 1640, 1600, 1456, 1395, 1369, 1358, 1300, 1255, 
1210, 1190, 1178, 1150, 1100, 1020, 923, 818, 774. 
lff NMR (300 MHz) 8 1.49 (9H, , C(CH3h), 2.43 (3H, , CH3), 3.56 - 3.78 (16H, 
m, CH2O), 4.12 - 4.16 (2H, m, CH2OS), 4.30 - 4.34 (2H, m, CH 2OCO), 6.15 (2H, s, 
vinyl CH), 7.33 (2H, d, J 7.8 Hz, ArH), 7.78 (2H, d, J 7.8 Hz, ArH). 
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13C NMR (75 MHz) o 21.56 (CH 3), 27.94 (C(CH3)]), 64.02 (CH2O), 68.57 (CH2O), 
68 .76 (CH2O), 68.91 (CH2O), 69.15 (CH2O), 70.34 (CH2O), 70.39 (CH2O), 70.43 
(CH2O), 70.49 (CH2O), 70.63 (CH2O), 82.12 (C(CH 3)]), 127.87 (ArCH), 127.90 
(vinyl CH), 129.74 (ArCH), 131.77 (vinyl CH), 132.87 (ArC), 144.72 (ArC), 164.23 
(CO), 165.16 (CO). 
MS EI m/z (70eV) 350 (8%), 322 (100), 240 (22), 199 (75), 143 (56), 91 (52), 57 
(62). 
MS CI mlz (70eV) 564 (M++NH4, 74%), 508 (36), 491 (12), 410 (19), 379 (34), 366 
(32), 351 (27), 323 (100), 225 (66), 199 (38). 
t-Butyl, (17-tosyloxy-3,6,9,12,15-pentaoxaheptadecyl) maleate (235). 
/\/\/\/\/\/\ ;\ _L 
TsO O O O O O O~ ro\ 
0 0 
235 
l -Hydroxy-17-tosyloxy-3 ,6,9,12,15-pentaoxaheptadecane 201 (0.60g, l.4mmol) and 
DMAP (20mg) were added to a stirred solution of mono t-butyl maleate 228 (0.3 lg, 
l.8mmol) in anhydrous dichloromethane (15ml) at 0°C under nitrogen. DCC (0.37g, 
1.8mmol) was then added and the mixture was treated and worked up as described for 
the synthesis oft-butyl , (1 l-tosyloxy-3,6,9-trioxaundecyl) maleate 232 to yield t-butyl, 
(17-tosyloxy-3,6,9,12,15-pentaoxaheptadecyl) maleate 235 (0.43g, 53%) as a pale 
yellow oil. 
Microanalysis Found: C, 54.51 ; H, 7.07; S, 5.54%. 
C27H42O12S requires C, 54.90; H, 7.17; S, 5.43%. 
IR (NaCl) Uma/cm-1 3060, 2870, 1727, 1740, 1600, 1453, 1395, 1368, 1300, 1255, 
1213, 1190, 1178, 1150, 1100, 922,8 17,776. 
1H NMR (300 MHz) o 1.48 (9H, s, C(CH3))) , 2.42 (3H, s, CH3), 3.55 - 3.72 (20H, 
m, CH2O), 4.03 - 4.15 (2H, m, CH2OS), 4.28- 4.36 (2H, m, CH2OCO), 6.14 (2H, s, 
vinyl CH), 7.31 (2H, d, J 7.8 Hz, ArH), 7.77 (2H, d, J 7.8 Hz, ArH). 
13C NMR (75 MHz) o 21.59 (CH3), 27.92 (C(CH3)]), 64.07 (CH2O), 68.62 (CH2O), 
68.71 (CH2O), 68.82 (CH 2O), 68 .87 (CH2O), 68 .94 (CH2O), 69.20 (CH2O), 69 .28 
(C H 2O), 70.46 (CH 2O), 70.50 (C H2O), 70.56 (CH 2O), 70.69 (CH 2O), 82. 16 
(C(CH3)]), 127.92 (ArCH), 127.99 (vinyl CH), 129.77 (ArCH), 131.80 (vinyl CH), 
132.95 (ArQ, 144.74 (Ar!:), 164.26 (CO), 165.20 (CO). 
MS EI mlz (70eV) 322 (33%), 224 (28), 199 (98), 143 (96), 91 (77), 57 (100). 
MS CI m/z (70eV) 608 (M++NH4, 42%), 454 (38), 366 (48), 323 (46), 225 (100). 
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t-Butyl, (11-iodo-3,6,9-trioxaundecyl) maleate (236). 
A mixture oft-butyl, (11- /\ /\ /\ /\ --rr- -f 
. I O O O O 0 tosyloxy-3 ,6,9-tnoxa-
O 0 
undecyl ) maleate 2 3 2 236 
(0.84g, l.7mmol) and anhydrous sodium iodide (0.99g, 6.7mmol) in dry acetone (40ml) 
was stirred under nitrogen at room temperature for 48 h. The solvent was removed from 
the reaction mixture at reduced pressure, and the residue was partitioned between water 
(30ml) and dichloromethane (30ml). The dichloromethane phase was dried and the 
solvent was removed at reduced pressure to afford t-butyl, (l l-iodo-3,6,9-trioxaundecyl) 
maleate 236 (0.74g, 97%) as a pale yellow oil. 
Microanalysis Found: C, 42.28; H, 5.74; I, 27.52%. 
C 16H27IO7 requires C, 41.93; H, 5.94; I, 27 .69%. 
IR (NaCl) Uma/cm- 1 2980, 2930, 2860, 2120, 1725, 1640, 1450, 1394, 1370, 1300, 
1258, 1213, 1150. 
1H NMR (300 MHz) 8 1.46 (9H, , C(CH3))), 3.21 (2H, t, J 7.0 Hz CH2I), 3.60 -
3.75 (12H, m,CH2O), 4.27 - 4.32 (2H, m, CH2OCO), 6.13 (2H, s, vinyl CH). 
13C NMR (75 MHz) 8 2.87 (CH2I), 27.86 (C(CH3))), 64.01 (CH2O), 68 .77 (CH2O), 
70.08 (CH2O), 70.46 (CH 2O), 70.50 (CH 2O), 70.58 (CH2O), 70.62 (CH2O), 71 .82 
(CH 2O), 82.09 (C(CH3))), 127.84 (vinyl CH), 131.75 (vinyl CH), 164.20 (CO), 
165.13 (CO). 
MS EI m/z (70e V) 459 (M+ +H, 11 % ), 403 (57), 385 (M+ -OC(CH3) 3, 8), 305 (1 5), 
298 (19), 287 (44), 231 (32), 199 (34), 152 (67), 143 (100), 99 (44), 73 (35), 57 (84). 
MS CI m/z (70eV) 476 (M++NH4, 100%), 459 (M++H, 2), 420 (72), 403 (19), 350 
(29), 287 (22), 225 (27), 143 (40), 73 (38). 
t-Butyl, (14-iodo-3,6,9,12-tetraoxatetradecyl) maleate (237). 
1/\rrr\r'o-r>ro-f 
0 0 
237 
A mixture of t-butyl , (14-tosyloxy-3,6,9,12-tetraoxatetradecyl) maleate 234 (0.33g, 
0.6lmmol) and anhydrous sodium iodide (0.36g, 2.4mmol) in dry acetone (20ml) was 
treated and worked up as described for the synthesi of t-butyl , (l 1-iodo-3 ,6,9-
trioxaundecyl) maleate 236 to give t-butyl, (1 4-iodo-3,6,9, 12-tetraoxatetradecyl) maleate 
237 (0.31 g, 100%) as a pale yellow oil. 
Microanalysis Found: C, 42.69; H, 6.4 1; I, 25.23%. 
C 18H31IO8 require C, 43.04; H, 6.22; I, 25.26%. 
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IR (NaCl) 'Umaxfcm- 1 2980, 2865 , 1726, 1639, 1455, 1394, 1370, 1300 1257, 1214, 
1150. 
1H NMR (300 MHz) 8 1.48 (9H, s, C(CH3))), 3.23 (2H, t, J 6.6 Hz, CH2I), 3.65 -
3.76 (16H, m, CH2O), 4.28 - 4.34 (2H, m, CH2OCO), 6.15 (2H, s, vinyl CH). 
13C NMR (75 MHz) 8 2.89 (CH2I), 27.94 (C(CH3))), 64.08 (CH2O), 68.84 (CH2O), 
70.13 (CH2O), 70.17 (CH2O), 70.49 (CH2O), 70.53 (CH2O), 70.61 (CH2O), 70.65 
(CH2O), 71.93 (CH2O), 82.17 (C(CH3))), 127.91 (vinyl CH), 131.81 (vinyl CH), 
162. 14 (CO), 165.20 (CO). 
MS EI m/z (70eV) 503 (M++H, 5%), 447 (52), 429 (8), 349 (13), 331 (31), 275 (25), 
199 (26), 153 (82), 143 (100), 57 (78). 
t-Butyl, (17-iodo-3,6,9,12,15-pentaoxaheptadecyl) maleate (238). 
,t\rrrr\i'o--C'}-o-f 
0 0 
238 
A mixture oft-butyl, (17-tosyloxy-3,6,9,12, 15-pentaoxaheptadecyl) maleate 235 
(0.33g, 0.55mmol) and anhydrous sodium iodide (0.33g, 2.2mmol) in dry acetone 
(20ml) was treated and worked up as described for the synthesis oft-butyl , (11-iodo-
3,6,9-trioxaundecyl) maleate 236 to give t-butyl , (1 7-iodo-3 ,6,9,12, 15-pentaoxa-
heptadecyl) maleate 238 (0.3 lg, 100%) as a pale yellow oil. 
Microanalysis Found: C, 44.25; H, 6.72; I, 23.20%. 
C20H35IO9 requires C, 43.96; H, 6.46; I, 23.23%. 
IR (NaCl) 'Umaxfcm-1 2975 , 2870, 1726, 1640, 1454, 1393, 1370, 1350, 1300, 1257, 
1213, 1150, 1110, 1040, 989, 850. 
1H NMR (300 MHz) 8 1.47 (9H, s, C(CH3))), 3.23 (2H, t, J 6.8 Hz, CH2I), 3.62 -
3.76 (20H, m, CH2O), 4.29 - 4.33 (2H, m, CH2OCO), 6.14 (2H, s, vinyl CH). 
13C NMR (75 MHz) 8 2.91 (CH2I), 27.94 (C(CH3))), 64.08 (CH2O), 68 .80 (CH2O), 
68.84 (CH2O), 70.12 (CH2O), 70.17 (CH2O), 70.23 (CH2O), 70.49 (CH2O), 70.55 
(CH2O), 70.58 (CH2O), 70.61 (CH 2O), 71.93 (CH 2O), 82.16 (C(CH3))), 127.93 
(vinyl CH), 131.8l (vinyl kH), 162.23 (CO), 165.20 (kO). 
MS EI m/z (70eV) 547 (M+ +H, 1 %), 491 (6), 393 (2), 322 (4), 287 (8), 231 (10), 199 
(27), 155 ( 100), 146 (97). 
MS CI mlz (70eV) 564 (M++NH4, 96%), 536 (6), 520 (16), 508 (25), 449 (50), 438 
(40), 410 (17), 322 (60), 305 (24), 225 (100). 
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Cyclization of Radical Precursors t-butyl, (11-iodo-3,6,9-trioxaundecyl) 
maleate (236), t-butyl, (14-iodo-3,6,9,12-tetraoxatetradecyl) maleate 
(237) and t-butyl, (17-iodo-3,6,9,12,15-pentaoxaheptadecyl) maleate 
(238) (See Table 9 Section 4.3). 
General Procedures for Reaction Type A and D were used as described above in 
Section 5.3 for the cyclization of radical precursor 1 l-iodo-3 ,6,9-trioxaundecyl 
acrylate 183. 
11-Oxo-13-t-butoxycarbonyl-1,4, 7,10-tetraoxacyclopentadecane (239) 
and 11-oxo-12-t-butoxycarbony lmethy 1-1,4, 7, 10-tetraoxacyclotetradecane 
(240). 
0 
(0 
0 0 
o-f 
+ 
0 
(0 
0 0 
~o~ ~o~ 
239 240 
Microanalysis Found: C, 58.05 ; H, 8.64%. 
C 16H2gO7 requires C, 57.82; H, 8.49%. 
IR (NaCl) Umaxfcm-1 2970, 2868, 1730, 1451, 1369, 1254, 1150. 
1H NMR (300 MHz) o 1.39 (9H, s, C(CH3))), 1.41 (9H, s, C(CH3))), 1.75 - 2.05 
(3H, m, CH2C), 2.26- 2.35 ( lH, m, CH2C), 2.50 - 2.75 (4H, m, CH2CO), 2.88 - 3.04 
(2H, m, CHCO), 3.45 - 3.75 (24H, m, CH2O), 3.96 - 4.07 (lH, m, CH2O), 4.10 -
4.25 (lH, m, CH2O), 4.33 - 4.40 ( lH, m, CH2O), 4.50 - 4.61 ( lH, m, CH2O). 
13c NMR (75 MHz) o 27.84 (C(CH3))), 27.98 (C(CH 3))), 30.80 (CH2C), 32.59 
(CH 2C), 35 .68 (CH 2C), 38 .15 (CH 2C), 38.76 (CHCO), 39.59 (CHCO), 63 .20 
(CH2O), 63 .25 (CH2O), 68.50 (CH2O), 68.59 (CH2O), 68 .81 (CH2O), 69.42 (CH2O), 
69.65 (CH2O), 69.76 (CH2O), 69.84 (CH2O), 70.14 (CH2O), 70.45 (CH2O), 70.65 
(CH2O), 70.95 (CH2O), 71 .67 (CH2O), 80.60 (C(CH3))), 80.69 (C(CH3))), 170.85 
(CO), 172.09 (CO), 173.85 (CO), 174.99 (CO). 
MS EI m/z (70eV) 333 (M++H, 1%), 259 (M+-oc(CH3)), 17), 233 (13), 189 (20), 
171 (67), 145 (59), 127 (67), 99 (43), 89 (45), 57 (100). 
MS CI m/z (70eV) 350 (M++NH4, 33%), 333 (M++H, 15), 294 (57), 277 (100), 259 
(M+ -OC(CH3)), 36), 225 (28), 171 (26). 
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14-Oxo-16-t-butoxycarbonyl-1,4, 7 ,10,13-pentaoxacyclooctadecane (241) 
and 14-oxo-15-t-butoxycarbonylmethyl-1,4, 7,10,13-pentaoxacyclohepta-
decane (242). 
241 242 
Microanalysis Found: C, 57.54; H, 8.46%. 
C 18H32O8 requires C, 57.43; H, 8.57%. 
IR (NaCl) Umax/cm-1 2920, 2865, 1730, 1650, 1452, 1392, 1368, 1350, 1255, 1150. 
1H NMR (300 MHz) 8 1.41 (9H, s, C(CH 3h), 1.44 (9H, s, C(CH3h), 1.60 - 2.00 
(4H, m, CH2C) , 2.30 - 2.39 ( lH, m, CH 2CO), 2.49 - 2.76 (3H, m, CH2CO), 2.91 -
3.04 (2H, m, CHCO), 3.45 - 3.76 (32H , m, CH2O), 4.07 - 4.16 (2H, m, CH2O), 4.31 -
4.44 (2H, m, CH2O). 
13C NMR (75 MHz) 8 27.88 (C(CH 3h), 27.96 (C(CH 3h), 31.19 (CH2C) , 31.99 
(CH 2C) , 35 .61 (CH 2C), 37 .61 (CH 2C), 38.45 (CHCO), 39.92 (CHCO), 63.28 
(CH2O), 63 .67 (CH2O), 68.42 (CH2O)_, 68.63 (CH2O), 68.68 (kH2O), 68.75 (CH2O), 
68.88 (CH2O), 70.17 (CH2O), 70.34 (CH2O), 70.41 (CH2O), 70.55 (CH2O), 70.59 
(CH2O), 70.67 (CH2O), 70.71 (CH2O), 70.76 (CH2O), 70.91 (CH2O), 71.04 (CH2O), 
71.09 (CH 2O), 80.44 (C (CH 3h), 80.65 (C(CH3h), 172.22 (CO), 174.08 (CO), 
174.82 (CO), 176.99 (CO). 
MS EI m/z (70eV) 377 (M++H, 7%), 32 1 (37), 303 (M+-OC(CH3h, 48), 233 (17), 
215 (29), 189 (24), 171 (100), 145 (47), 127 (54). 
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17-Oxo-19-t-butoxycarbonyl-1,4, 7,10,13,16-hexaoxacycloheneicosane 
(243) and 17-oxo-18-t-butoxycarbonylmethyl-1,4, 7, 10, 13, 16-hexaoxa-
cycloeicosane (244). (:~+ 
(0 0) + 
0 
~o~ 
243 244 
Microanalysis Found: C, 57.13; H, 8.98%. 
C20H36O9 requires C, 57. 13; H, 8.63%. 
IR (NaCl) "Uma/cm-1 2920, 2860, 1730, 1450, 1369, 1350, 1255, 1150. 
1H NMR (300 MHz) 8 1.39 (9H, s, C(CH3)]), 1.42 (9H, s, C(CH3)3), 1.56 - 1.84 
(3H, m, CH2C), 1.86 - 1.98 (2H, m, CH2C), 2.33 - 2.43 (l H, m, CHCO), 2.52 - 2.74 
(3H, m, CH2C), 2.84 - 3.02 (l H, m, CHCO), 3.41 - 3.85 (40H, m, CH2O), 4.08 -
4.38 (4H, m, CH2O). 
13C NMR (75 MHz) 8 27·.85 (C(CH 3)]), 27.96 (C(CH 3)]), 31.30 (CH2C) , 31.61 
(CH 2C) , 35 .59 (CH 2C), 37.08 (CH 2C), 38.27 (CHCO), 39.73 (CHCO), 63 .80 
(CH2O), 63.89 (CH2O), 66.57 (CH2O), 68.22 (CH2O), 68 .75 (CH2O), 68.79 (CH2O), 
68.96 (CH2O), 69.74 (CH2O), 70.08 (CH2O), 70.17 (CH2O), 70.21 (CH2O), 70.28 
(CH2O), 70.32 (CH2O), 70.42 (CH2O), 70.49 (CH2O), 70.53 (kH2O), 70.61 (CH2O), 
70.68 (CH2O), 70.77 (CH2O), 70.87 (CH2O), 70.94 (CH2O), 71.02 (CH2O), 80.51 
(C(CH3)]), 80.66 (C(CH3)]), 170.93 (CO), 172. 19 (CO), 173.86 (CO), 174.88 (CO). 
MS EI mlz (70eV) 421 (M++H, 11 %), 365 (61 ), 347 (M+-oc(CH3)], 48), 259 (44), 
233 (3 1), 215 (36), 189 (28), 171 (1 00), 145 (43), 127 (59), 89 (55), 73 (70), 57 (75). 
2-Ethoxycarbonyl-15-iodo-4, 7,10,13-tetraoxapentadec-1-ene (248). 
Ethyl bromomethylacrylate 247 (0.22g, E~t02C 
l .2mmol ) and anhydrou s potassium r-\ r-\ r-\ ~ 
I O O 0 
carbonate (0.16g, l .2mmol) were added 
to a stirred solution of l -hydroxy- 11 - 248 
tosyloxy-3,6,9-trioxaundecane 193 (0.20g, 0.57mmol) in dry acetone (20ml) under 
nitrogen, and the suspension was heated at reflux for 16 h. It was then cooled to room 
temperature and sodium iodide (0.25g, l .7mmol) was added. The mixture was then 
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stirred for 48 h. The solvent was removed from the reaction mixture at reduced pressure 
and the residue was partitioned between dichloromethane (20ml) and water (20ml). The 
dichloromethane phase was dried and the solvent was removed at reduced pressure to 
yield the crude product as a dark orange oil , which was purified by column 
chromatography [dichloromethane: acetone (15 :1)] to afford 2-ethoxycarbonyl-15-iodo-
4,7,10,13-tetraoxapentadec-l-ene 248 (0.17g, 73%) as a colourless oil. 
Microanalysis Found: C, 40.78; H, 6.42%. 
C 14H25IO6 requires C, 40.40; H, 6.05%. 
IR (NaCl) Uma/cm-1 2879, 1725, 1649, 1460, 1371 , 1352, 1303, 1270, 1110, 1036. 
1H NMR (300 MHz) 8 1.24 (3H, t, J 7.1 Hz, OCH2CH3) , 3.20 (2H, t, J 7.1 Hz, 
CH2I), 3.55 - 3.63 (12H, m, CH2O), 3.69 (2H, t, J 7.1 Hz, CH2O), 4.15 (2H, q, J 
7.1 Hz, OCH2CH3), 4.12 - 4.20 (2H, m, OCH2 vinyl), 5.83 (lH, s, vinyl CH), 6.23 
( lH, s, vinyl CH). 
13C NMR (75 MHz) 8 2.81 (CH21), 14.05 (OCH2CH3), 60.53 (OCH2CH3), 69 .12 
(CH2O), 70.04 (CH2O), 70.37 (CH2O), 70.39 (CH2O), 70.43 (CH2O), 70.49 (CH2O), 
70.51 (CH2O), 71.80 (CH2O), 125.45 (vinyl CH2), 137.07 (vinyl quat C), 165 .72 
(CO). 
MS EI mlz (70eV) 199 (33), 171 (16), 155 (83 %), 11 3 (39), 91 (68), 73 (95), 57 
(100). 
MS CI mlz (70eV) 434 (M++NH4, 5%), 41 7 (M++H, 100), 371 (16), 336 (14), 287 
(29), 254 (33), 243 (42), 231 (55), 201 (40), 199 (41 ). 
2-Ethoxycarbonyl-4, 7 ,10,13-tetraoxapentadec-1-ene (249). 
Ethyl bromomethylacrylate 247 (0.87g, Et02C~ 
4.5mmol ) and anhydrou s potass ium --"'\ ~ ~ ~ _J 
0 0 0 0 
carbonate (0.62g, 4.5mmol) were added to 
a stirred solution of l-hydroxy-3,6,9- 249 
trioxaundecane 208 (0.40g, 2.3mmol) in dry acetone (40ml) under nitrogen. The 
suspension was heated at reflux for 16 h and then cooled to room temperature. The 
solvent was removed from the reaction mixture at reduced pressure, and the residue was 
partitioned between dichloromethane (30ml) and water (30ml). The dichloromethane 
phase was dried and the solvent was removed at reduced pressure to give the crude 
product as a yellow oil. This was purified by column chromatography [hexane : 
dichloromethane ( l : l )] to afford 2-ethoxycarbony 1-4, 7, 10, 13-tetraoxapentadec-l-ene 
249 (0.35g, 53%) as a colourles oil. 
Microanalysis Found: C, 57.92; H, 9.33%. 
C14H26O6 requires C, 57.91 ; H, 9.03%. 
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IR (NaCl) Umaxfcm-1 2986, 2878, 1720, 1645, 1450, 1375, 1310, 1275, 1180, 1115, 
1035, 955, 865,824. 
1 H NMR (300 MHz) 8 1. 15 (3H, t, J 7 .1 Hz, OCH2CH 3), 1.24 (3H, t, J 7 .1 Hz, 
OCH 2CH 3), 3.46 (2H, q, J 7.1 Hz, CH2OCH 2CH 3), 3.50 - 3.70 (12H, m, CH 2O , 
OCH 2C vinyl), 4.15 (2H, q, J 7.1 Hz, CO2CH2CH3), 4.18 (2H, m, CH2OCO), 5.83 
(lH, d, J 1.5 Hz, vinyl CH), 6.23 ( lH, d, J 1.5 Hz, vinyl CH). 
13C NMR (75 MHz) 8 14.04 (CH 3), 15.01 (CH 3), 60.51 (CH 2O), 66.48 (CH 2O), 
69.12 (CH2O), 69.68 (CH2O), 70.05 (CH2O), 70.38 (CH2O), 70.41 (CH2O), 70.45 
(CH2O), 70.53 (CH2O), 125.40 (vinyl CH2), 137.09 (vinyl quat C ), 165.73 (CO). 
MS EI m/z (70eV) 291 (M++H, 1%), 244 (1 ), 201 (2), 184 (3), 171 (2), 85 (50), 73 
(100) 
MS CI m/z (70eV) 308 (M++NH4, 100%), 291 (M++H, 65), 255 (1 1), 183 (57). 
Cyclization of Radical Precursor 2-ethoxycarbonyl-15-iodo-4, 7,10,13-
tetraoxapentadec-1-ene (248). 
General Procedures for Reaction Type A and D were used as described in 
Section 5.3 for the cyclization of radical precursor l 1-iodo-3,6,9-trioxaundecyl 
acrylate 183, with the initial tributyltin hydride concentration 0.0 lM in all cases. A 
typical large scale preparation is given below. 
14-Ethoxycarbonyl-1,4, 7,10-tetraoxacyclopentadecane 
A stirred mixture of 2-ethoxycarbonyl-15-iodo-4, 7, 10, 13-
tetraoxapentadec- l -ene 248 (0.70g, l.7mmol) and sodium 
tosylate (1.43g, 6.7mmol) in dry degassed benzene (185ml) was 
heated to reflux under nitrogen for 30 min. Tributyltin hydride 
(0.54g, l.8mmol) and a solution of AIBN (10mg) in dry degassed 
benzene (5ml) were added, and the mixture was kept at reflux for a 
further 2h. The reaction mixture was then cooled to room 
temperature and the solvent was removed at reduced pressure. 
(250). 
(o~' 
0 0 
~o~ 
250 
The crude oil obtained was worked up with DBU243 and purified by column 
chromatography [dichloromethane : acetone (9:1)) to afford 14-ethoxycarbonyl-1,4,7,10-
tetraoxacyclopentadecane 250 (0.42g, 87%) as a colourless oil. 
Microanalysis Found: C, 57.57 ; H, 9.21 %. 
C 14H26O6 requires C, 57.91 ; H, 9.03%. 
IR (NaCl) Umaxfcm-1 2930, 2880, 1735, 1451 , 1365 , 1300, 1254, 1183, 11 30, 1035. 
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1H NMR (300 MHz) 8 1.11 (3H, t, J 7.1 Hz, OCH2CH 3), 1.39 - 1.60 (3H, m, 
CH2C), 1.85 - 1.97 (lH, m, CH2C), 2.58 - 2.72 ( lH, m, CHCO), 3.30 - 3.64 (16H, 
m, CH2O), 3.98 (2H, q, J 7.1 Hz, OCH2CH3). 
13C NMR (75 MHz) 8 13.96 (OCH2CH 3), 24.79 (CH 2C), 26.27 (CH 2C) , 44.48 
(CHCO), 59.88 (OCH2CH3), 69.36 (CH2O), 69.58 (CH2O), 69.71 (CH2O), 70.17 
(CH2O), 70.29 (CH2O), 70.35 (CH2O), 70.45 (CH2O), 70.87 (CH2O), 174.05 (CO). 
MS EI mlz (70eV) 291 (M+ +H, 30%), 245 (M+ -OCH 2CH 3, 24), 203 (M+ -
·cH2CO2CH2CH3, 16), 157 (100), 141 (74), 113 (63), 89 (71 ), 73 (85). 
HRMS M+-OCH2CH3 C12H21O5 requires 245 .1389, found 245.1389. 
Methyl 15-tosyloxy-4, 7,10,13-tetraoxapentadec-2-enoate (251). 
Methyl propiolate (0.24g , r-\ I\ I\ I\ f C02Me 
2. 8mmol ) and N-methyl TsO O O O 0 
morpholine (70mg, 0.70mmol) 251 
were added to a stirred solution of l -hydroxy- l l -tosyloxy-3,6,9-trioxaundecane 193 
(0.50g, 1.4mmol) in dry t-butanol (25ml) under nitrogen. The solution was then heated 
at reflux for 2 h, cooled to room temperature and the solvent was removed at reduced 
pressure. This afforded the crude product as a pale yellow oil. This was purified by 
column chromatography [hexane: dichloromethane (1: 1)] to afford methyl 15-tosyloxy-
4,7,10,13-tetraoxapentadec-2-enoate 251 (0.66g, 100%) as a pale yellow oil. 
Microanalysis Found: C, 52.38; H, 6.78; S, 7 .3 1 %. 
C 19H28O9S requires C, 52.77; H, 6.53; S, 7.41 %. 
IR (NaCl) Uma/cm- 1 2880, 1745, 1630, 1602, 1441 , 1360, 1297, 1252, 1180, 1125, 
925, 821 , 780, 670. 
1H NMR (300 MHz) 8 2.38 (3H, s, ArCH 3), 3.52 (3H, s, CO2CH 3), 3.53 - 3.73 
(12H, m, CH2O), 3.91 - 3.96 (2H, m, CH2O vinyl), 4.05 - 4.11 (2H, m, CH 2OS ), 
5.15 ( lH, d, J 12.6 Hz, vinyl CH), 7.28 (2H, d, J 8.2 Hz, ArH), 7.54 (lH, d, J 12.6 
Hz, vinyl CH), 7.73 (2H, d, J 8.2 Hz, ArH). 
13C NMR (75 MHz) 8 21.44 (ArCH 3), 50.91 (CO2CH 3), 68.44 (CH 2O), 69.03 
(CH2O), 69.09 (CH2O), 70.22 (CH2O), 70.34 (CH2O), 70.41 (~H2O), 70.51 (CH2O), 
70.59 (CH2O), 96.25 (vinyl CH), 127.76 (ArCH), 129.66 (ArCH), 132.72 (Arg , 
144.65 (ArC), 162.38 (vinyl CH), 167.87 (CO). 
MS EI m/z (70eV) 432 (M+, 1%), 401 (3), 269 (3), 243 (6), 199 (100) 155 (CH3-
C6H4SO2 +, 58), 91 (78). 
MS CI m/z (70eV) 433 (M++H, 2%), 357 (5), 322 (15), 305 (25), 187 (37), 49 (100). 
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Methyl 15-iodo-4,7,10,13-tetraoxapentadec-2-enoate (252). 
A mixture of methyl 15-tosyloxy- r-\ r-\ /\. /\. f C02Me 
4,7,10,13-tetraoxapentadec-2- I O O O 0 
enoate 251 (0.74g, l.7mmol) and 252 
sodium iodide (0.76g, 5. lmmol) in dry acetone (40ml) was stirred under nitrogen at 
room temperature for 48 h. The solvent was removed from the reaction mixture at 
reduced pressure and the residue was partitioned between dichloromethane (30ml) and 
water (30ml). The dichloromethane phase was dried and the solvent was removed at 
reduced pressure to yield the crude product as a yellow oil. This was then purified by 
column chromatography [hexane: dichloromethane (4:1)] to afford methyl 15-iodo-
4, 7, 10, 13-tetraoxapentadec-2-enoate 252 (0.60g, 90%) as a pale yellow oil. 
Microanalysis Found: C, 37.13; H, 5.32; I, 32.54%. 
C 12H21IO6 requires C, 37.13; H, 5.45; I, 32.69%. 
IR (NaCl) 'Oma/cm-I 2958, 2880, 1713, 1645, 1628, 1440, 1338, 1295, 1244, 1194, 
1135, 1053, 975, 840, 760. 
1H NMR (300 MHz) o 3.22 (2H, t, J 6.2 Hz, CH2I), 3.61 - 3.76 (15H, m, CH 2O , 
OCH3) , 3.94 - 3.99 (2H, m, CH2O vinyl ), 5.18 (IH, d, J 12.6 Hz, vinyl CH), 7.57 
(lH, d, J 12.6 Hz, vinyl CH). 
13C NMR (75 MHz) o 2.88 (CH2I), 51.04 (CO2CH3), 69.15 (CH2O), 70.10 (CH2O), 
70.29 (CH2O), 70.55 (CH2O), 70.59 (CH2O), 70.7-7 (CH2O), 71.84 (CH2O), 96".39 
(vinyl CH), 162.45 (vinyl CH), 167.98 (.CO). 
MS EI m/z (70eV) 388 (M+, I%), 357 {6), 229 (9), 198 (26), 155 (100), 129 (39). 
MS CI m/z (70eV) 406 (M++NH4, 85 %), 389 (M++H, 71 ), 374 (100), 357 (75). 
Methyl 4, 7,10,13-tetraoxapentadec-2-enoate (253). 
Methyl propiolate (0.38g, 4.5mmol) ~ r-\ r-\ r-\ J C02Me 
and N-methyl morpholine (0.12g, O O O 
l.2mmol) were added to a stirred 253 
solution of l-hydroxy-3,6,9-trioxa-
undecane 208 (0.40g, 2.2mmo1) in dry t-butano1 (20ml) under nitrogen. The solution 
was heated at reflux for 2 h, and then cooled to room temperature. The solvent was 
removed from the reaction mixture at reduced pressure, and the residue was purified by 
column chromatography [hexane : dichloromethane (10:1)] to afford methyl 4,7,10,13-
tetraoxapentadec-2-enoate 253 (0.58g, 98%) as a yellow oil. 
Microanalysis Found: C, 54.67 ; H, 8.46%. 
C12H22O6 requires C, 54.95 ; H, 8.45%. 
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IR (NaCl) 'Umax/cm-1 3550 (b), 2880, 1716, 1648, 1629, 1441 , 1338, 1295, 1244, 
1219, 1195, 1140, 1054, 850, 760. 
1H NMR (300 MHz) o 1.05 (3H, t, J 7.1 Hz, OCH2CH 3), 3.37 (2H, q, J 7.1 Hz, 
OCH2CH3) , 3.40 - 3.65 (13H, m, CH 2O, CO2CH3), 3.86 (2H, m, CH2O vinyl), 5.07 
(IH, d, J 12.6 Hz, vinyl CH), 7.46 ( lH, d, J 12.6 Hz, vinyl CH). 
13C NMR (75 MHz) o 14.78 (CH3), 50.65 (CO2CH3), 66.19 (CH2O), 68.86 (CH2O), 
69.42 (CH 2O), 70.06 (CH 2O), 70.19 (CH2O), 70.32 (CH 2O), 70.46 (CH 2O), 96.06 
(vinyl kH), 162.23 (vinyl CH), 167.64 (kO). 
MS EI m/z (70eV) 262 (M+, 1%), 231 (9), 129 (49), 74 (100), 73 (100), 59 (92). 
MS CI mlz (70eV) 280 (M++NH4, 5%), 263 (M++H, 31 ), 248 (63), 231 (100), 187 
(11 ), 161 (11 ), 129 (14), 117 (20), 73 (30), 72 (42). 
Cyclization of Radical Precursor methyl 15-iodo-4, 7 ,10,13-tetraoxa-
pentadec-2-enoate (252). 
General Procedures for Reaction Type A and D were used as described in 
Section 5.3 for the cyclization of . radi cal precursor 11 -iodo-3 ,6,9-trioxaundecyl 
acrylate 183, with the initial tributyltin hydride concentration 0.0 IM in all cases. 
General Procedure for Reaction Type E. 
A stirred solution of methyl 15-iodo-4,7,10,13-tetraoxapentadec-2-eneoate 252 (0.10g, 
0.26mmol) in dry degassed benzene (10ml) under nitrogen was heated to reflux. A 
solution of tributyltin hydride (82mg, 0.28mmol) and AIBN (10mg) in dry degassed 
benzene (10ml) was added via syringe pump (typically at a rate of 10ml in 3 h). The 
solution was kept at reflux for a further 2 h after the addition was complete. The reaction 
mixture was then cooled to room temperature and the solvent was removed at reduced 
pressure. The crude oil obtained was worked up with DBU243 and purified by column 
chromatography [dichloromethane : acetone (9:1)], but the major product isolated was 
methyl 4,7,10,13-tetraoxapentadec-2-enoate 253 (50mg, 74%) as a pale yellow oil. 
General Procedure for Reaction Type F.243 
A stirred solution of methyl 15-iodo-4,7, 10, 13-tetraoxapentadec-2-enoate 252 (0.20g, 
0.52mmol) and hexabutylditin (30mg, 0.052mrnol) in dry degassed benzene (5ml) was 
heated to reflux under nitrogen and irradiated with a photoflood 250W sunlamp for 48 h. 
The reaction mixture wa cooled to room temperature and the solvent was removed at 
reduced pressure. The I H NMR spectrum of the crude reaction mixture showed that 
only the starting material, methyl 15-iodo-4,7, 10,13-tetraoxapentadec-2-enoate 252 was 
present. 
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2-{Bis(methoxycarbonyl)methyl}tetrahydrofuran (258). 
A solution of AIBN (5mg) in dry degassed benzene (1ml) was Me02COC02Me 
added to a refluxing solution of methyl 2-methoxycarbonyl-4-
oxa-7-bromohept-2-eneoate 257 (98mg, 0.35mmol) and 
tributyltin hydride (0.11 g, 0.39mmol) in dry degassed benzene 
(30ml) under nitrogen. The solution was heated at reflux for 4 h, 258 
and then cooled to room temperature. The solvent was removed from the reaction 
mixture at reduced pressure, and the residue was purified by column chromatography 
[ dichloromethane : acetone (20: 1)] to yield 2-{ bis(methoxycarbony l)methyl} tetrahydro-
furan 258 (60mg, 85%) as a pale yellow oil. 
Microanalysis Found: C, 53 .11 ; H, 7.16%. 
C9H 140 5 requires C, 53.46; H, 6.98%. 
IR (NaCl) Uma/cm- 1 2960, 2880, 1740, 1438, 1073, 1030. 
1H NMR (300 MHz) 8 1.62 - 1.75 (lH, m, CCH2C), 1.82 - 1.96 (2H, m, CCH2C) , 
2.08 - 2.20 (lH, m, CCH2C), 3.46 (lH, d, J 9.0 Hz, CH (C02CH 3h), 3.70 - 3.90 
(8H, m, CH(C02CH3h, CH20), 4.43 (lH, dt, J 9.0 Hz, 6.90 Hz, CHO). 
13C NMR (75 MHz) 8 25.42 (CCH 2C), 29.91 (CCH2C), 52.52 (C02CH3), 52.63 
(C02CH3), 57.09 (CCHC), 68.23 (CH20), 76.94 (CCHO), 167.52 (C02CH3), 167.95 
(C02CH3) . 
MS EI mlz (70eV) 203 (M+ +H, 2%), 174 (3), 143 (M+-C02CH 3, 48), 111 (M+ -
C02CH3-HOCH3, 30), 71 (C4H70+, 100). 
HRMS M+-co2CH3 C7H 11 0 3 requires 143.0708, found 143.0708. 
1,11-Dibromo-3,6,9-trioxaundecane (260). 
Anhydrous lithium bromide (2.07g, 94mmol) /\ /\ /\ /\ 
was added to a stirred solution of 1, 11- Br O O O Br 
di(tosyloxy)-3 ,6,9-trioxaundecane 194 (2.00g, 260 
4.0mmol) in dry acetone (60ml) under nitrogen, and the mixture was stirred for 48 h. 
The solvent was removed from the reaction mixture at reduced pressure, and the residue 
was partitioned between dichloromethane (50ml) and water (50ml). The dichloromethane 
phase was dried and the solvent was removed at reduced pressure to yield the crude 
compound as a yellow oil. This was then purified by column chromatography 
[dichloromethane : acetone ( 15: l)] to afford 1, l l-dibromo-3,6,9-trioxaundecane 260 
(1.25g, 98%) as a pale yellow oil. 
Microanalysis Found: C, 29.72; H, 4.90; Br, 50.01 %. 
C8H16Br20 3 requires C, 30.03; H, 5.04; Br, 49.94%. 
IR (NaCl) Umaxfcm-1 2870, 1460, 1425, 1364, 1280, 1115. 
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1H NMR (300 MHz) o 3.37 (4H, t, J 6.2 Hz CH 2Br), 3.53 - 3.60 (8H, m, CH 2O), 
3.70 (4H, t, J 6.2 Hz, CH2O). 
13C NMR (75 MHz) o 30.19 (CH2Br), 70.13 (CH2O), 70.26 (CH2O), 70.79 (CH2O). 
MS EI m/z (70eV) 323 (M++H, 3%), 321 (M++H, 7), 319 (M++H, 4), 197 (14), 195 
(14), 183 (26), 181 (26), 153 (45), 151 (47), 109 (BrCH2CH 2 +, 96), 107 
(BrCH2CH2 +, 100). 
HRMS M+-Br C8H 1679BrO3 requires 239.0283, found 239.0282. 
Attempted Synthesis of methyl 2-methoxycarbonyl-4,7,10,13-tetraoxa-15-
bromopentadec-2-eneoate (261). 
DMAP I Hiinig's base method. 
Method A. 1,11-Dibromo-3,6,9-trioxaundecane 260 (1.20g, 3.7mmol) was added to 
a stirred solution of dimethyl (hydroxymethylene)propandioate 259 (0.20g, 1.25mmol) 
in dry dichloromethane (30ml) under nitrogen. Diisopropylethylamine (0.38g, 3.0mmol) 
and DMAP ( 18mg, 1.25mmol) were then added, and the mixture was heated to reflux for 
24 h. The solution was then cooled to room temperature, washed with hydrochloric acid 
(20ml, 10% aqueous solution), dried, and the solvent was removed at reduced pressure. 
The crude oil obtained was a complex mixture of products by TLC. 
Method B. The procedure was repeated as described above (Method A), but the 
crude oil obtained was dissolved in dry degassed benzene (20ml), tributyltin hydride 
(0.22g, 0.75mmol) was added, and the solution was heated to reflux under nitrogen. A 
solution of AIBN (5mg) in dry degassed benzene (1ml) was then added, and the reaction 
mixture was kept at reflux for a further 2 h. The mixture was then cooled to room 
temperature and the solvent was removed at reduced pressure to afford a yellow oil, 
which was a complex mixture of products by TLC and I H NMR spectroscopy. 
Potassium Carbonate / Acetone method. 
l,l l-Dibromo-3,6,9-trioxaundecane 260 (1.82g, 5.7mmol) and anhydrous potassium 
carbonate (0.26g, 1.9mmol) were added to a stirred solution of dimethyl 
(hydroxymethylene)propandioate 259 (0.15g, 0.95mmol) in dry acetone (20ml) under 
nitrogen, and the mixture was heated to reflux for 24 h. The suspension was then cooled 
to room temperature and the solvent was removed at reduced pressure. The crude 
mixture obtained was partitioned between water (30ml) and dichloromethane (30ml). 
The dichloromethane phase was dried and the solvent was removed at reduced pressure 
to afford a yellow oil, which was a complex mixture of products by TLC. 
Chapter 5 216 
Attempted Synthesis of methyl 16-tosyloxy-5,8,11,14-tetraoxahexadec-2-
enoate (268). 
Potassium Hydroxide / Dimethyl sulfoxide method. 
Powdered potassium hydroxide (0.13g, 2.3mmol) was added with vigorous stirring to 
dimethyl sulfoxide (2ml). After 5 min, l-hydroxy-l l-tosyloxy-3 ,6,9-trioxaundecane 
193 (0.20g, 0.57rnmol) was added, followed immediately by methyl 4-bromocrotonate 
267 (0.21g, l.2rnmol) . Stirring was continued for 1 h, after which the mixture was 
·poured into water (20ml) and this solution was extracted with dichloromethane (3x20ml). 
The combined organic extracts were washed with water (5xl0ml), dried, and the solvent 
was removed at reduced pressure. 1 H NMR spectra and TLC of the crude reaction 
mixture showed the presence of unchanged 1-hydroxy- l l-tosyloxy-3 ,6,9-trioxaundecane 
193 and a complex mixture of minor products. 
Potassium Carbonate / Acetone method. 
Methyl 4-bromocrotonate 267 (0.43g, 2.4mmol) was added to a stirred solution of l-
hydroxy-l 1-tosyloxy-3,6,9-trioxaundecane 193 (0.21g, 0.60mmol) and anhydrous 
potassium carbonate (0.33g, 2.4mmol) in dry acetone (15ml) under nitrogen, and the 
mixture was heated to reflux for 24 h. The mixture was then cooled to room temperature 
and the solvent was removed at reduced pressure. The mixture thus obtained was 
partitioned between water (30ml) and dichloromethane (30ml). The dichloromethane 
phase was dried and the solvent was removed at reduced pressure to yield a yellow oil. 
Both methyl 4-bromocrotonate 267 and l-hydroxy- l l-tosyloxy-3 ,6,9-trioxaundecane 
193 could be recovered in near quantitative yields. 
Potassium Carbonate / Butanone / Sodium Iodide method. 
Methyl 4-bromocrotonate 267 (0.21g, l.2mmol ), anhydrous potassium carbonate 
(0.17 g, l.2rnmol) and anhydrous sodium iodide (90mg, 0.60mmol) were added to a 
stirred solution of l-hydroxy- l l -tosyloxy-3 ,6,9-trioxaundecane 193 (0.21 g, 0.60mmol) 
in dry butanone (15ml) under nitrogen. The mixture was treated and worked up as 
described in the potassium carbonate/ acetone method above. The resultant oil was a 
complex mixture of products by TLC, and the major product isolated was 1-iodo-1 l-
hydroxy-3,6,9-trioxaundecane 269 (12mg, 11 %). 
Microanalysis Found: C, 31.80; H, 5.44%. 
C8H 17104 requires C, 31.59; H, 5.63 %. 
IR (NaCl) 'Umaxfcm· 1 2867, 1459, 1351 , 1261 , 1178, I 105. 
Iff NMR (300 MHz) o 2.59 (lH, bs , OH), 3.23 (2H, t, J 7.2 Hz, CH2I) , 3.54 - 3.75 
(14H, m, CH2O) . 
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13C NMR (75 MHz) o 2.76 (CH2I) , 61.60 (CH2O), 70.05 (CH2O), 70.20 (CH2O) , 
70.39 (CH2O), 70.55 (CH2O), 71.86 (CH2O), 72.45 (CH2O). 
MS EI m/z (70eV) 305 (M++H, 14%), 199 (17), 198 (17) , 177 (M+-r, 6), 155 (100), 
133 (34), 103 (28), 89 (57) , 73 (28). 
Sodium Hydride method. 
A solution of l-hydroxy-l l-tosyloxy-3 ,6,9-trioxaundecane 193 (0.20g, 0.57mmol) in 
dry THF (5ml) was added to a stirred suspension of sodium hydride (27mg, 60% 
dispersion in oil, 0.69mmol) in dry THF ( 10ml) under nitrogen. After 5 min, methyl 4-
bromocrotonate 267 (0.1 0g, 0.57mmol ) was added, and the mixture was heated to 
reflux for 48 h. The mixture was then cooled to room temperature, and water (10ml) was 
cautiously added. The solution was extracted with dichloromethane (3x 10ml), the 
combined organic extracts were dried and the solvent was removed at reduced pressure to 
yield an orange oil. This was shown to be mainly unreacted l-hydroxy-l l-tosyloxy-
3,6,9-trioxaundecane 193 and 12-crown-4 155 by TLC and 1H NMR and 13C NMR 
spectroscopy of the crude oil. 
Silver Acetate method. 
Silver acetate (96mg, 0.57mmol) wa added to a stirred solution of l-hydroxy:l l-
tosyloxy-3,6,9-trioxaundecane 193 (0.20g, 0.57mmol) and methyl 4-bromocrotonate 
267 (0.1 Og, 0.57mmol) in dry THF (20ml) under nitrogen. The grey suspension was 
stirred at room temperature for 24 hand then filtered . The solvent was removed from the 
filtrate at reduced pressure to give a yellow oil. However, this was shown to be a 
mixture of l-hydroxy-l l-tosyloxy-3 ,6,9-trioxaundecane 193 and methyl 4-
bromocrotonate 267 by TLC and 1 H NMR spectroscopy. 
Methyl 16-tosyloxy-5,8,11,14-tetraoxahexadec-2-enoate (268). 
Silver tetrafluoroborate (0.12 ;==/C02Me 
mg, 0.63mmol) was added to ;\ ;\ /\ ;\ ~ 
a stirred solution of 1- TsO O O O O 
hydroxy-l l-tosyloxy-3,6,9- 268 
trioxaundecane 193 (0.20g, 0.57mmol) and methyl 4-bromocrotonate 267 (0.10g, 
0.57mmol) in dry dichloromethane (20ml) under nitrogen. The grey suspension was 
stirred at room temperature for 24 h and then filtered . The solvent was removed from the 
filtrate at reduced pressure to give a yellow oil, which wa purified by column 
chromatography [dichloromethane : acetone (15: 1 )] to afford unreacted l-hydroxy-11-
tosyloxy-3 ,6,9-trioxaundecane 193, methyl 4-bromocrotonate 267 and methyl 16-
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tosyloxy-5 ,8,11 ,14-tetraoxahexadec-2-eneoate 268 (36mg, 14%) as a yellow oil 
(characterized below). 
Microanalysis Found: C, 53 .83 ; H, 6.61 ; S, 6.88%. 
C20H3oO9S requires C, 53 .80; H, 6.77 ; S, 7.18%. 
IR (NaCl) Uma/cm·1 2900, 1723, 1663, 1597, 1436, 1358, 1305, 1275, 1190, 1178, 
1110, 1019, 922. 
1H NMR (300 MHz) 8 2.43 (3H, s, CH 3), 3.49 - 3.75 (17H, m, CH 2O, CO2CH 3), 
4.09 - 4.21 (4H, m, CH2O), 6.06 (lH, d, J 15.9 Hz, CHCO2CH3), 6.91 (lH, dt, J 
15.9 Hz, 4.4 Hz, CHCHCO2CH3), 7.32 (2H, d, J 7.4 Hz, ArH), 7.78 (2H, d, J 7.4 
Hz, ArH). 
13C NMR (75 MHz) 8 21.63 (CH3), 51.58 (CO2CH3), 68.65 (CH2O), 69.21 (CH2O), 
69.74 (CH2O), 70.26 (CH2O), 70.51 (CH2O), 70.59 (CH2O), 70.67 (CH2O), 70.72 
(CH2O), 70.84 (CH2O), 120.84 (vinyl CH), 127.96 (ArCH), 129.80 (ArCH), 132.93 
(ArC), 144.62 (vinyl CH), 144.78 (ArC), 163.55 (CO). 
MS EI m/z (70eV) 414 (M+-CH3OH, 1%), 243 (10), 199 (CH3-C6H4-SO3CH2CHt, 
100), 155 (CH3-C6H4SOt, 59), 99 (CHr C6H/, 68) 91 (81 ). 
MS CI m/z (70eV) 464 (M+ +NH4, 18%), 447 (M+ +H, 3), 328 (44), 311 (26), 234 
(58), 199 (30), 171 (100), 155 (CH3-C6H4-SO3CH2CHt, 30), 87 (76), 71 (79). 
1,11-Diiodo-3,6,9-trioxaundecane (271). 
Anhydrous sodium iodide (3.58g, 24mmol) was ;-\ ;-\ ;-\ ;-\ 
I O O O I 
added to a stirred solution of 1,11-di(tosyloxy)-
3,6,9-trioxaundecane 194 (2.00g, 4.0mmol) in 271 
dry acetone (60ml) under nitrogen and the resultant mixture was treated and worked up as 
described above for the synthesis of 1, 11-dibromo-3,6,9-trioxaundecane 260 to afford 
l ,11 -diiodo-3,6,9-trioxaundecane 271 (1.43g, 87%) as a pale red oil. 
IR (NaCl) Umax/cm· 1 2868 , 1730, 1460, 14 17, 1353, 1265, 1193, 1171 , 1108, 1037, 
995 , 978, 940, 884, 750. 
Iff NMR (300 MHz) 8 3.25 (4H, t, J 7. 1 Hz, CH2I), 3.62 - 3.69 (8H, m, CH 2O), 
3.75 (4H, t, J 7.1 Hz, CH2O). 
13C NMR (75 MHz) 8 2.96 (CH2I), 70.2 1 (.CH2O), 70.65 (CH2O), 71.94 (CH2O). 
MS EI m/z (70e V) 343 (1 % ), 326 (1 ), 287 (5), 243 (6), 229 (6), 199 (22), 155 ( 100). 
MS CI mlz (70e V) 432 (M+ + NH4, 100% ), 415 (M+ +H, 4 ), 340 (37), 278 (16), 248 
(12), 133 (12), 73 (15). 
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Attempted Synthesis of methyl 16-iodo-5,8,11,14-tetraoxahexadec-2-
eneoate (272). 
Potassium Carbonate / Acetone method. 
1,11-Diiodo-3,6,9-trioxaundecane 271 (0.50g, l.2rnrnol) and anhydrous potassium 
carbonate (0.35g, 2.5mmol) were added to a stirred solution of methyl 4-
hydroxycrotonate 270 (0.15g, 1.3rnrnol) in dry acetone (30ml) under nitrogen. The 
mixture was then heated to reflux for 72 h, cooled to room temperature, and the solvent 
was removed at reduced pressure. The mixture thus obtained was partitioned between 
water (30ml) and dichloromethane (30ml). The dichloromethane phase was dried and the 
solvent was removed at reduced pressure to yield a yellow oil. This was shown to be a 
mixture of 1, 11-diiodo-3,6,9-trioxaundecane 271 and methyl 4-hydroxycrotonate 270 
by TLC and 1 H NMR spectroscopy. 
Silver Tetrafluoroborate method. 
Silver tetrafluoroborate (0.37g, l.9mrnol) was added to a stirred solution of 1,1 l-diiodo-
3,6,9-trioxaundecane 271 (2.38g, 5.7mmol) and methyl 4-hydroxycrotonate 270 
(0.20g, 1.7mml) in dry acetonitrile (20ml) under nitrogen. The resultant suspension was 
heated to reflux for 48 h, cooled to room temperature, and the solvent was removed from 
the reaction mixture at reduced pressure. However, the crude oil obtained was a complex 
mixture of products as ascertained by TLC and 1 H NMR spectroscopy. 
Sodium Hydride method. 
Sodium hydride (83mg, 60% dispersion in oil, 2.1 rnrnol) was added to a stirred solution 
of 1,l l-diiodo-3,6 ,9-trioxaundecane 271 (2.38g, 5.7mmol) and methyl 4-
hydroxycrotonate 270 (0.20g, l.7mmol) in dry THF (20ml) under nitrogen. The 
resultant suspension was stirred at room temperature for 48 h. The suspension was then 
diluted with diethyl ether (20ml), washed with water ( lx30ml), brine (lx30ml), dried, 
and the solvent was removed at reduced pressure. However, the crude oil obtained was a 
complex mixture of products as ascertained by TLC and 1 H NMR spectra. 
Attempted Synthesis of 11-tosyloxy-3,6,9-trioxaundecanal (273). 
Dess - Martin oxidation. 
Des - Martin reagent (periodinane 275)39 1-393 (0. 18g, 0.43mmol) was added to a 
stirred solution of l-hydroxy- l 1-tosyloxy-3,6,9-trioxaundecane 193 (0.1 0g, 0.29rnrnol) 
in dry dichloromethane ( 15ml) under nitrogen. The reaction was stirred at room 
temperature for 16 h, but no consumption of starting material could be seen by TLC of 
the reaction mixture. The mixture was then heated to reflux for 16 h, and cooled to room 
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temperature. TLC of the crude reaction mixture showed the formation of a complex 
mixture of products. 
Pyridinium Chlorochromate (PCC) oxidation. 
1-Hydroxy-11-tosyloxy-3,6,9-trioxaundecane 193 (0.10g, 0.29mmol) was added to a 
stirred solution of PCC (93mg, 0.43mmol) in dry dichloromethane (5ml) under nitrogen. 
The reaction was stirred at room temperature for 24 h, but no consumption of starting 
material could be seen by TLC of the reaction mixture. The mixture was then heated to 
reflux for 16 h and cooled to room temperature. TLC of the crude reaction mixture 
showed the formation of a complex mixture of products. 
Attempted Synthesis of 10-methoxycarbonylmethyl-1,4, 7-trioxacyclo-
dodecane (276). 
Method A. A solution of methyl propiolate (65mg, 0.77mmol) and 1, l l-dibromo-
3,6,9-trioxaundecane 260 (0.16g, 0.52mmol) in dry degassed benzene (30ml) was 
heated to reflux under nitrogen. Tributyltin hydride (0.33g, 1.1 mmol) was added, 
followed by a solution of AIBN (5mg) in dry degassed benzene ( 1 ml). The solution was 
kept at reflux for a further 2 h, cooled to room temperature, and the olvent was removed 
at reduced pressure. The crude oil obtained was purified by column chromatography 
[dichloromethane : acetone (15: 1)]. The major compounds isolated were a tin adduct, 
tentatively assigned as methyl 3-tributylstannylacrylate 277 and 3,6,9-trioxaundecane 
278 . 
IR (NaCl) Um8/cm· 1 2869, 1460, 1360, 1191 , 1179, 1110, 927. 
1H NMR (300 MHz) o 1.13 (6H, t, J 7.0 Hz, OCH2CH 3), 3.45 (4H, q, J 7.0 Hz, 
OCH2CH3), 3.48 - 3.62 (8H, m, CH2O). 
13C NMR (75 MHz) o 15.46 (OCH2CH 3), 66.92 (CH2O), 70.13 (CH2O), 70.97 
(CH2O). 
MS EI m/z (70eV) 163 (M++H, 5%), 137 (5), 117 (13), 107 (2 1), 103 (29), 73 (97), 
72 (100), 59 (98). 
Method B. The reaction was repeated as described above (Method A) with l,11-
diiodo-3 ,6,9-trioxaundecane 271 in place of I , l l-dibromo-3 ,6,9-trioxaundecane 260, 
with similar re ults. 
Methyl 3-t-butyldimethylsilyl propiolate (279). 
n-Butyl lithium (29ml, 1.6M in hexane, 46mmol) wa 
added with tirring to a solution of diisopropylamine 
TBDMS--- CO2Me 
279 
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(4.69g, 46mmol) in THF (150ml) at o·c under nitrogen. The solution was stirred at o·c 
for 30 min. A stirred solution of methyl propiolate (3g, 36mmol) and 
t-butyldimethylsilyl chloride (6.45g, 43mmol) in THF (50ml) at -78°C under nitrogen 
was prepared. The lithium diisopropylamide solution was then added to the methyl 
propiolate solution via cannula, at such a rate that the temperature of the methyl propiolate 
solution was kept below -70°C. Once the addition was complete, the mixture was 
allowed to warm slowly to room temperature. Water (10ml) was added, and the solvent 
· was removed from the reaction mixture at reduced pressure. The resultant oil was 
dissolved in diethyl ether (50ml), washed with water (lx30ml), dried, and the solvent 
was removed at reduced pressure. It was then purified by column chromatography [light 
petroleum : diethyl ether (15: 1)] to afford methyl 3-t-butyldimethylsilyl propiolate 279 
(6.56g, 93%) as a pale yellow oil. 
IR (NaCl) 'Uma/cm-1 2950, 2930, 2889, 2860, 2 178, 1719, 147 1, 1464, 1434, 1363, 
1232, 1009, 940, 880, 840, 827, 812, 779. 
1H NMR (300 MHz) 8 0.16 (6H, s, CH 3Si), 0.94 (9H, s, (CH 3))CSi), 3.75 (3H, s, 
CO2CH3) . 
13C NMR (75 MHz) 8 -5 .30 (CH3Si), 16.45 ((CH3))CSi), 25.90 ((CH3))CSi), 52.58 
(CO2CH3), 92.83 (acetylene C) , 95 .08 (acetylene C), 153.33 (CO2CH3). 
MS EI m/z (70eV) 198 (M+, 8%), 183 (M+-CH3, 12), 176 (M+-OCH3, 27), 142 (77), 
141 (M+-C(CH3)), 57), 89 (100). 
HRMS M+ C 10H 18O2Si requires 198.1076, found 198. 1076. 
Attempted Synthesis of 10-methoxycarbonylmethyl-10-t-butyldimethyl-
silyl-1,4, 7-trioxacyclododecane (280). 
A solution of methyl 3-t-butyldimethylsilyl propiolate 279 (0.14g, 0.73mmol) and 1, l l-
diiodo-3,6,9-trioxaundecane 271 (0.20g. 0.48mmol) in dry degas ed benzene (50ml) 
was heated to reflux under nitrogen. Tributyltin hydride (0.28g, 0.97mmol) was added, 
followed by a solution of AJBN (5mg) in dry degassed benzene (l ml). The solution was 
kept at reflux for 2 h, cooled to room temperature, and the solvent was removed at 
reduced pressure. The crude oil obtained was purified by column chromatography 
[dichloromethane : acetone (15: l )], and the major product isolated was 3,6,9-
trioxaundecane 278, along with a complex mixture of minor product . 
Attempted Synthesis of 10-methoxycarbonyldiiodomethyl-10-t-butyl-
dimethylsilyl-1,4, 7-trioxacyclododecane (281). 
A mixture of 1, l l-diiodo-3,6,9-trioxaundecane 271 (0.42g, 1.0mmol), methyl 3-t-
butyldimethylsilyl propiolate 279 (0.20g, l .0mmol) and hexabutylditin (59mg, 
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0.1 0mmol) in dry degassed benzene ( 10ml) was heated to reflux under nitrogen and 
irradiated with a photoflood 250W sunlamp for 24 h. The reaction was then cooled to 
room temperature and the solvent was removed at reduced pressure. The crude oil 
obtained was shown to be a mixture of I , l l-diiodo-3 ,6,9-trioxaundecane 278 and 
methyl 3-t-butyldimethylsilyl propiolate 279 by TLC and 1H NMR spectroscopy. 
14-Methanoic acid-1,4, 7,10-tetraoxacyclopentadecane (284). 
A mixture of 14-ethoxycarbony 1-1,4,7, I 0-tetraoxacyclopenta-
decane 250 (0.17g, 0.57mmol) and potassium hydroxide (0.16g, 
2.9mmol) in water (5ml) and methanol ( 15ml) was stirred at room 
temperature for 16 h. The resultant solution was acidified to pH 2 
by the addition of sulfuric acid (2M aqueous solution), and 
extracted with dichloromethane (3xl0ml ). The organic extract was 
dried and the solvent was removed at reduced pressure to yield 14-
methanoic acid-1,4, 7, 10-tetraoxacyclopentadecane 284 (0.13g, 
84%) as a colourless oil. 
Microanalysis Found: C, 54.54; H, 8.22%. 
C 12H22O6 requires C, 54.95 ; H, 8.45 %. 
(0~ 
0 0 
~o-J 
284 
IR (NaCl) 'Uma/cm-1 2918, 2876, 1730, 1452, 1359, 1290, 1249, 1121 , 935. 
1H NMR (300 MHz) 8 1.58 - 1.74 (4H, m, CH2C), 2.90 - 3.02 ( lH, m, CHCO), 3°.39 
- 3.82 (16H, m, CH2O). 
13C NMR (75 MHz) 8 25.65 (CH2C) ,-25.99 (CH2C), 44.84 (CHCO), 69.16 (CH2O), 
69.96 (CH2O), 70.16 (CH2O), 70.20 (CH 2O), 70.58 (CH2O), 70.64 (CH2O), 70.70 
(CH2O), 72.51 (CH2O), 177.89 (.CO). 
MS EI m/z (70eV) 263 (M++H, 1%), 244 (6), 216 (M+-HCO2H, 4), 201 (3), 170 (29), 
157 (26), 141 (29), 129 (40), 113 (100), 100 (40), 84 (90), 73 (78). 
MS CI m/z (70eV) 280 (M+ +NH4, 52%), 263 (M+ +H, 41 ), 262 (M+, 46), 245 (M+-
OH, 100), 157 (48), 133 (16) . 
14-Hydroxymethyl-1,4,7,10-tetraoxacyclopentadecane (283). 
14-Ethoxycarbony 1-1,4, 7, 10-tetraoxacyclopentadecane 250 
(0.37g, l.32mmol) was added to a stirred suspension of lithium 
aluminium hydride (0.1 0g, 2.65mmol) in dry THF (10ml) under 
nitrogen. The mixture was stirred for 16 h and then quenched 
with the minimum amount of water. The mixture was filtered and 
the solvent was removed at reduced pre ure to yield the product 
as a crude yellow oil. This was then chromatographed 
OH 
283 
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[dichloromethane : acetone (9: 1)) to afford unreacted 14-ethoxycarbonyl-1,4,7, 10-
tetraoxacyclopentadecane 250 (35mg, 10%) as a colourless oil, and 14-hydroxymethyl-
l,4, 7, 10-tetraoxacyclopentadecane 283 (0.26g, 79%) as a colourless oil. 
Microanalysis Found: C, 58.14; H, 9.53 %. 
C12H240 5 requires C, 58.04; H, 9.74%. 
IR (NaCl) 'Umaxfcm- 1 3450 (b), 2920, 2865, 1714, 1454, 1355, 1296, 1250, 1200, 
1127, 1042, 940. 
1H NMR (300 MHz) 8 1.21 - 1.34 (lH, m, CH2C), 1.46 - 1.62 (3H, m, CH2C), 1.70 
- 1.84 (lH, m, CHCH2), 2.82 - 2.95 (lH, bs, OH), 3.35 - 3.64 (18H, m, CH20 ). 
13C NMR (75 MHz) 8 24.37 (CH 2C), 26.46 (C H2C), 40.05 (CHCH 2), 65.01 
(CH20), 69.34 (CH20), 70.11 (CH20), 70.16 (CH20 ), 70.29 (~H20 ), 70.45 (CH20), 
70.57 (CH20), 70.62 (CH20), 73.15 (CH20 ). 
MS EI m/z (70eV) 249 (M++H, 4%), 189 (4), 151 (27), 115 (39), 99 (65), 89 (84), 81 
(100). 
MS CI m/z (70eV) 249 (M++H, 100%), 231 (M+-OH, 11 ), 133 (29), 99 (13), 81 (15). 
{ 14-(1,4, 7,10-tetraoxacyclopentadecane) }methyl anthraquinone-2-carbox-
ylate (290). 
A solution of anthraquinone-2-
carbonyl chloride 289 · (0.12g, 
0.40mmol) in dry dichloromethane 
(10ml) was added dropwise with 
stirring to a mixture of 14-
hydroxymethyl-l,4,7 , 10-tetraoxa-
cycl open tadecane 283 (50mg, 
0.20mmol) and diisopropylethylamine 
(52mg, 0.40mmol) in dry dichloro-
(0 
0 0 
~o~ 
0 0 
0 
290 
methane (10ml) at - l0°C under nitrogen. The mixture was allowed to warm to room 
temperature and was stirred for a further 16 h. The solvent wa removed at reduced 
pressure and the mixture was chromatographed [dichloromethane : acetone (15: 1)) to 
yield unreacted 14-hydroxymethyl-1,4, 7, 10-tetraoxacyclopentadecane 283 (22mg, 
44% ), and { 14-(1,4, 7, 10-tetraoxacyclopentadecane)} methyl anthraquinone-2-
carboxylate 290 (45mg, 45%) as a pale yellow oil. 
Microanalysis Found: C, 67.43 ; H, 6.07%. 
C27H300 8 requires C, 67.21 ; H, 6.27%. 
IR (NaCl) 'Umaxfcm- 1 2920, 2860, 1723, 1679, 1594, 1328, 1295, 1270, 1244, 1112, 
932, 707. 
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1H NMR (300 MHz) o 1.38 - 1.53 ( lH, m, CH2C), 1.62 - 1.80 (2H, m, CH2C), 1.83 
- 2.02 (lH, m, CH 2C), 2.11 - 2.30 (lH, m, CHCH 2), 3.42 - 3.79 (16H, m, CH 20 ), 
4.32 - 4.44 (2H, m, CH 20 ), 7.78 - 7.84 (2H, m, ArH), 8.25 - 8.42 (4H, m, ArH ), 
8.88 (lH, s, ArH). 
13C NMR (75 MHz) o 24.87 (CH 2C), 26.60 (CH 2C), 38 .02 (CHCH 2), 66.69 
(CH20), 69.69 (CH20 ), 70.44 (CH20 ), 70.55 (CH20 ), 70.59 (CH20 ), 70.64 (CH20 ), 
70.71 (CH20 ), 70.78 (CH20 ), 71.04 (CH20 ), 110.73 (ArCH), 110.81 (ArC), 127.30 
(ArCH) , 127.37 (ArCH), 127.51 (ArCH), 128.48 (ArCH), 133.29 (ArC), 133.47 
(ArC), 134.36 (ArCH), 134.80 (ArCH), 135.32 (ArC), 135.96 (ArC), 164.97 (CO), 
182.20 (CO), 182.48 (CO). 
MS EI mlz (70eV) 482 (M+, 2%), 395 (2), 351 (2), 335 (3), 320 (4), 292 (1 0), 253 
(14), 235 (63), 207 (20), 151 (33), 86 (72), 84 (100). 
MS CI m/z (70eV) 500 (M+ +NH4, 72%), 483 (M+ +H, 47), 348 (47), 336 (100), 294 
(45), 280 (74), 249 (52), 232 (55), 231 (67), 196 (42), 179 (72), 133 (54). 
General sodium picrate complexation method (see Table 10 Section 4.9). 
All standard solutions were prepared with A grade volumetric glassware, and all volume 
transfers were performed by syringe. A standard solution of sodium picrate in distilled 
water (approximately 0.015M, accurately known) was prepared. An individual standard 
solution of each macrocycle under study in deuterochloroform (approximately 0.015M, 
accurately known) was similarly prepared. In a typical complexation experiment, an 
aliquot of the picrate solution (0.50ml) and an aliquot of a macrocycle solution (0.50ml) 
were transferred to a 2ml centrifuge tube. The mixture was then centrifuged for 1 min, 
mixed by a vortex mixer for 3 min, and centrifuged for a further 10 min . An aliquot of 
the deuterochloroform layer (0.10ml) was then transferred to a volumetric flask and made 
up to 10ml with acetonitrile. The UV absorption of this solution was then measured 
between 200 and 800nm. 
Blank experiments were carried out by performing the above extractions with each of the 
macrocycle solutions and di stilled water, and with the picrate solution and 
deuterochloroform. 
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APPENDIX 
DERIVATION OF THE INTEGRATED RATE EQUATION 
--"\ r-\ r-\ I\ _/Jo 
0 0 0 0 \==:: 
UH 
CH 
It is clear that cyclization of U• to give C• is a first order process. 
. d[C-] - • 
i.e., --kc[u] df I 
If thi process is irreversible (i.e., kc>>k_c) then C• once formed will react exclusively 
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with tributyltin hydride in a second order reaction to give CH•. If steady state conditions 
apply, 
. d[C] _ 
i.e., ---0, 
dt 
then the rate of formation of CH equals the rate of formation of C•, so 
d[CH] = k [U-] . 
dt C t . ......... 1 
In competition with this process is the direct hydrogen abstraction by U• from tributyltin 
hydride in a second order reaction to give UH. 
d[UH] = k [U-] [Bu SnH] dt H , 3 t ..•..••••. 2 
On the assumption that no other reactions are occurring, it follows from the conservation 
of mass that 
for all time t. 
Writing this equation in terms of [CH],, and differentiating with respect to [ Bu3SnH], 
yields 
d[CH] = O- d[CH] _ 1 . 
d[Bu 3SnH] d[Bu 3SnH] 
(The zero on the right side of the equation above is due to the fact that [Bu3SnH]; is a 
constant). 
Applying the Chain Rule to the derivative on the right side of the above equation gives 
Collecting terms gives 
d[CH] __ d[UH] x d[CH] - l 
d[Bu 3SnH] - d[CH] d[Bu 3SnH] . 
d[CH] _ -1 
d[Bu 3SnH] - l + d[UH] 
d[CH] 
•...••.••. 3 
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An expression for !~~:~ can be obtained using the Chain Rule. 
d[UH] _ d(UH] dt 
- --=---=- X --
d[ CH] dt d[ CH] 
Substituting equations 1 and 2 into this equation provides the expression 
d[UH] [ ·] 1 
d[CH] = kH U ,[ Bu 3SnH), x kc[u·] 
d[UH] = 51.[Bu SnH] . 
d[CH] kc 3 ' 
• ••.•••••• 4 
Substituting 4 into equation 3 yields 
d(CH] -1 
= t 
d[Bu3SnH] I+ ~[Bu SnH] k 3 / 
C 
d[CH] kc 1 
=--x k 
d[Bu3SnH] kH [Bu SnH] +-c 
3 / k 
H 
Integrating both sides of this equation with respect to [Bu3SnH], , from the initial to final 
tributyltin hydride concentrations gives 
1 d[CH] _ kc 1 1 J [ ] d[Bu3SnH]- --J k d[Bu3SnH] . . ......... 5 
; d Bu3SnH kH ; [Bu SnH] + _c 
3 / k 
H 
By the Fundamental Theorem of Calculus, the left hand side of equation 5 can be 
reduced. 
since [CH]; = 0. 
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Applying a standard integration formula to the right hand side of equation 5 gives 
Recombining both halves of equation 5 provides the integrated rate equation. 
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ERRATUM 
'hinderance' should read 'hindrance' 
'radical 9' should read 'radical centre 9' 
'were' should read 'was' 
'were' should read 'was' 
'anion 126' should read 'anion in compound 126' 
'for a template effect in the literature was presented' should read 'for 
a template effect in the formation of cyclic polyether systems was 
presented' 
'in the presence of lithium, sodium and potassium ions' should read 
'in the presence of sodium, potassium and caesium ions' 
'were undertaken' should read 'was undertaken' 
need' should read 'needs' 
'carbomethoxy)butanarnide 95' should read 'carbomethoxyphenyl)-
butanarnide 95' 
'carbomethoxy)butanarnide 95' should read 'carbomethoxyphenyl)-
butanarnide 95' 
'carbomethoxy)butanarnide 95' should read 'carbomethoxyphenyl)-
butanarnide 6' 
'carbomethoxy)butanarnide 95' should read 'carbomethoxyphenyl)-
butanarnide 95' 
'thio]pmolidinyl' should read 'thio]-2-oxo-1-pyrrolidinyl' 
'C02CH3' should read 'C02H' 
'carbomethoxy)butanamide 145' should read 'carbomethoxyphenyl)-
butanamide 145' 
'carbomethoxy)butanamide 145' should read 'carbomethoxyphenyl)-
butanamide 145' 
'carbomethoxy)butanamide 145' should read 'carbomethoxyphenyl)-
butanamide 145' 
